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Annotation. Taking into account the known advantages of the synchronous reluctance motor (SynRM), in order to use it
for electric vehicles and to study the characteristics of the traction electric drive (ED) on the basis of SynRM. The issues
of constructing ED functional scheme and a mathematical model of the electric vehicle electromechanical system are
considered. The functional scheme of electric drive is presented, equations of mechanics, equations of electromechanical
energy converter are given and principles ED control construction are described.

Keywords: electric drive, electric vehicle, SynRM, mathematical model.

BBenenune. HaGnromaemblii B HacTosIIee BpeMs U MIPOUCXOIUT AOCTATOYHO CTPEMHUTENBHO. JTO 00y-
Iepexoj]] OT JBUTATeNell BHYTPEHHETO CrOpaHus CIIOBJIIEHO HEOOXOOMMOCTBIO COEpeKeHHs OpraHhye-
(IBC) k TroBoMy aBTOMAaTH3HPOBAHHOMY 3JIEKTPO- CKUX TOIUTUBHBIX 3Hepropecypco (OTP), kortopsie
NPUBOJY B TPAHCIOPTHBIX cpencTBax[l], HeoTBpaTum HAXOIAT MIHUPOKOE MPUMEHEHHE B MPOMBINUICHHOCTH,

JUIS TIPOM3BOJICTBA IUIACTMACCHI, OBITOBOM XHMUH,
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CUHTETHUYECKUX TKaHEU, pE3UHOBOU MPOLYKLUH U IpY-
I'MX MPOAYKTOB M KOTOPBIE HYXKHO COXPAaHHTh JUIS MO-
CJIeTyIOLINX MOoKoJeHni. KpoMe Toro mepexon K auiek-
TPOMOOWJISIM ~ YIIy4IIAeT JKOJOTUIO OKpYKaromei
cpezsl, 0COOSHHO B OOJNBIIMX rOpoJax, 3a CUeT ycTpa-
HEHHsI BBIXJIOIHBIX Ta30B OT aBTOMOOMIeH. YKpanHa,
KOTOpasd JIUIIb HAITOJIOBUHY 06ecnequa TOIINIMBHBIMHA
JHepropecypcaMy, BBIHYXJEHA 3aTpayuBaTh 3HAYHU-
TENIbHBIE BAJIOTHBIE CPEJICTBA Ha MX HMIIOPT M IIO-
9TOMY HOBBIIIEHHE YHEProd(HEKTUBHOCTH DIIEKTPO-
MIPUBOJIOB MIMEET OOJIBIIOE 3HAYCHHUE.

B MexnyHapogHOM KOHCOpIyMe «JHeprocoe-
peXeHUsD pa3pabaThIBae€TCS CHHXPOHHBIH PEaKTHB-
HBIH JIBUTATENb [UIS HCIOJIB30BAHUS B TPAHCIIOPTHBIX
CPE/CTBAX C AIEKTPONPUBOAOM: IEKTPOMOOMIH, TH-
OpuaHBIE aBTOMOOWIIH, TPOJUICHOYCHI ¢ aBTOHOMHBIM
X0JI0M (TIPO€3JI ¢ OMYIIEHHBIMHU IITAHTaMH), SIEKTPO-
OycChI U 1Ip.

Hoctounctsom CP][ sBiseTcss oTCyTCTBHE pO-
TOPHOM OOMOTKH, 4TO CYIIECTBEHHO YECIIEBISIET CTO-
HUMOCTD JBUTATENS U IAET PSA APYTHX MPEHUMYIIECTB!

- CHIDKCHHE MOTePh SHEPTUH;

- IOBBIIIICHUE HAJIS)KHOCTH M CPOKa CITyKOBI;

- IPOCTOTA B AKCILTyaTaIHH.

OTtnnure CHHXPOHHOTO PEAKTHBHOTO JBUTATEIS
OT JBHTaTens, HCIOJIb3yeMOr0 B H3BECTHOM BEH-
TUnbHO-uHAYKTOpHOM Ol siBisiercst popma poropa. B
CP/] 3yO1sr poTopa UMEIOT O0COOYIO0 T€OMETPHIO, CO-
TJIaCyIoUIyrocs ¢ CUJIOBbIMU JIMHUAMU MAariuTHOTO IO~
Toka. OmHa W3 BO3MOXKHBIX ()OpM ILIACTHH POTOpa
CP/, mpencrasnena Ha puc. 1.

Puc. 1. ®opma nmactunst poropa CP/]

Hens pa6otel. IlocTpoeHne MaTeMaTH4YeCKOM
MOJIENH  DIIEKTPOIPUBONA  DIEKTPOTPAHCIIOPTHOTO
CPeICTBa C CHHXPOHHBIM PEaKTHBHBIM IBHUTATEIEM
JUTSI TIOCTIEAYIONIUX MCCIEAOBaHUN TUHAMHYECKUX W
CTaTHUYECKHX MPOIIECCOB, MPOTEKAIOIIHNX B dJIEKTPOME-
XaHUYECKOU CUCTEME.

Omnucanne cucrembl JII. Ha puc. 2 npencras-
JieHa 00oOieHHas GyHKinoHaabHas cxema DI amek-
TPOTPAHCIOPTHOTO CPEACTBA, B KOTOPOM HCIIOJIb3Y-
ercst CPJ] B xauecTBe TATOBOIO AJIEKTPOIBUTATEIS.

‘ e | nn cPn

Tp.}—'l{‘

i

Puc. 2. ®ynknuonansHas cxema JI1

[TpoBeneHHbIE MCCIENOBAHHS M UCIIBITAHUS CO-
3nanHoro Ha kagenpe AEMC HTY «XIIW» anexTpo-
Moowmist (OMB) Ha 6a3e aBTomMoOmIsA Lanos, mokazanmm
L1eJIECO00Pa3HOCTh BBHIIOJIHEHHST HCTOYHUKA ITHTaHUS
W3 B Buze couetaHus akKyMyJIsITOpHO# 6atapen (AB)
¢ cynepkoHaeHcaTopHoi barapeeii (Cb) Ha 6a3e nonn-
ctopoB [2]. Takoe THOpUAHOE UCTIONHEHUE HCTOYHHKA
JIEKTPONTUTAHUS MTO3BOJISIET CYLIECTBEHHO YIIYYIIHTh
TeruioBoi pesxkuM AB. DTo 00BsACHIETCS TEM YTO, TT0-
ckoibKy Cb mpuHIMaeT B TOPMO3HBIX PEXXHUMax PeKy-
NIEPaTUBHYIO SHEPTUIO JBIDKCHUS, a MpPU MOCIEIyIO-
IeM TPOTaHUH MO0 YCKOPEHUH OTAaloT ee D/I, To ue-
pe3 aKKyMyJIATOpHOIO OaTapero He MPOTEKaloT O0Jb-
e TOKM HEeoOXOIMMBIE ISl CO3JaHus JMHAMHYe-
CKOT'O MOMEHTA.

JUsl CTaHIApTHBIX IMKIOB TOPOICKOTO JBHKE-
unust (ECE 15, EUDC, EUDC, NEDC wu mp.) xapak-
TEPHO HATWYHE OONBIIOTO YHCIa HHTEPBAIOB TOPMO-
XKEHHS M YCKOPEHHS KaK 9TO [T0Ka3aHo Ha puc. 3.

60

: Al
40

Speed (km/h)

0 50 100 150 200 250
Time (s)

Puc. 3. ukn roponckoro aswkennst ECE-15

B pab6ote [2] npoBeneH pacyeT CTEIEHH CHHXKe-
HuUs Harpy3ku Ha Ab nipn vamanu Cb u ipu ee oTcyT-
CTBHH B CTaHAAapTHOM ropojickoMm rukie ECE-15 u no-
Ka3aHO, YTO MpPH OTHOUICHWH pPEKyNEepHUPOBAHHOMN
SHEPruu K HEPIUM, 3aTPauC€HHOM aKKyMYJISITOPHOH
Oarapeeil Ha nBrxeHHe paBHoi 0,1, MOTOK dHEpPruu
npotekaromuii yepes Ab moutu B 1,4 pa3za MeHblue,
yeMm ipu Ab 0e3 cynepkoHeHcaTopHOl OaTapeu.

Tun nomynpoBOAHUKOBOTO —MpeoOpazoBaTesns
IIT nns nuranus D11 onpenensieTcst TUIIOM JIEKTPO-
neurarens. [ns CPJ] ucnonb3yercs aBTOHOMHBIA HH-
BEPTOp, YIJIOBasg CKOPOCTh JIEKTPOJABUTATENs 3a4a-
eTcsl myTeM (OPMHPOBAaHUS HEOOXOIUMBIX BBIXOIHOM
YaCTOTHl MHBEPTOPA U BBIXOAHOTO HANPSIKEHUSI METO-
JIOM IMPOKO UMITYJILCHOW MOMYJISILIAY.

Muxponpoueccopusrii 6ok MIT  popmupyer
CHUTHAJIbI yNIPABJICHUS, ONPENEIISIOINE MOPIJOK KOM-
MyTalllu KII04eil aBTOHOMHOIO HMHBEPTOpa, obecre-
4yyBasi HU3KOE 3HAYeHUE KOI(PPHUIMEHTA UCKAKECHUS,
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TpeOyeMyI0 BBIXOIHYIO YacTOTY M HANpsDKEHHWE IS
obecrieueHHs TpeOyeMOro MOMEHTA ABUTATEIS.

B GospmmHCTBE CEpUITHO-BBITYCKAEMBIX 3JIEK-
TPOMOOMIIAX KOpoOKa mepeximtouerns nepeaad (KIIIT)
OTCYTCTBYET, OJHAKO TOSBWINCH TyOnukammn [3],
00OCHOBBIBAIOIINE II€JIECO00PA3HOCTh TPHMEHEHHS
ynpouieHHoi nByxckopoctHoi KIIII ¢ aBromarmue-
CKUM TIEpEeKIIOYCHUEM CTYICHEH M COINIaCOBaHHUEM
ckopocTeit BanioB. Hannuue Takoit kopoOku [3] moBsI-
1aeT SHeprodPEeKTUBHOCTH 3JIEKTPOIPHBO/IA 32 CUET
BEIOOpa PaIMOHATIBHOTO COYETaHUs 3HAYCHUSI CKOPO-
ctu O/] n pa3BHBaeMOro MM MOMEHTa, HCXOJS U3 TIe-
pemereHns paboveld Toukd B 30HY ¢ Ooipmrim KIT/T.
YTBepkaaeTcs, 4YTo NMpUMEHEHHE IT0100H0I KOpOOKH
HE TOJIBKO pacUIMpsIeT ANAIa30H PETYINPOBAHUS CKO-
poct 1 MoMeHTa D/], HO 1 moBEImAaeT 3Heprod3pdek-
tiBHOCTD Ha 10-12%. B paGote [4] 6bu1a 060cHOBaHA
1eJIeCO00Pa3HOCTh CHHXPOHU3AIMH HE TOJIBKO CKOPO-
ctu BasioB KIIII, HO 1 uX (a3, 4TO MOBBIIIACT HAICK-
HOCTh M COKpalllaeT BpeMsl MEpEKIIOUeHHs, a TaKKe
ymporaet popMy KyJIaukoB My(THI.

B cocraB Tpancmuccun Tp. BXOIUT CHMMETpUY-
HeI auddepeHnman, odecneynBaromni He3aBUCH-
MOCTh BpamieHust kosec K npu moBoporax.

MaremaTudeckas mojeJb. Huxe npeioxena
MaTeMaTH4ecKasl MOJIENb 3JIEKTPOMEXaHUIECKON CH-
CTEMBI JIEKTPOIIPUBO/IA IEKTPOTPAHCIIOPTHOTO CpeI-
CTBa C CHHXPOHHBIM PEaKTHBHBIM JIBUTATEIIEM.

Oco00eHHOCThIO YPaBHEHUI MEXaHUKH B MaTeMa-
TUYECKOU MOJIEIIH ABIIETCS HEJIMHENHAs 3aBUCUMOCTD
CHJIbI COITPOTUBJICHUA ABUKCHHUIO aBTOMO6I/IJ'l5l, BCIICI-
CTBHE HaIN4Msl B HEH a3pOAMHAMUYECKON COCTaBIISIO-
el F,, mponopuroHanbsHo# KBajpaTy CKOPOCTH JBH-
JKESHUSI aBTOMOOMIISA:

Fa= kaV2 J 1)
rae V — auHelHas ckopocts OMB, m/c;
Ka — aspoinHaMHUIECKHil KO3 PUITHEHT:

AbdponnHaMHYeCcKHiH KOI()(UITMEHT 3aBHCHT OT
IO 1 JJOOOBOTO COMPOTUBIICHHS, KOA(PPHUIIUCHTA
00TEeKaeMOCTH H TUIOTHOCTH Bo3zyxa [5]:

1
Ka =5Cxpas ' (2
rae Cx — xo3¢p¢uumeHT a’poaMHaAMHIECKOTO
cnpotuBieHnsT  (KO3GGHUIMEHT  00TEeKaeMOCTH),

H*c2/(m*xkr);
Pa— IIOTHOCTB Bo3yxa (1,29 kr/m® mpu HOpManb-
HBIX YCIIOBHSIX);
S — mronraak 1060BOTO CONPOTUBIICHUS, M
Kpome a’poauHaMHYecKOW CHIIbI, CONPOTHBIIC-
HUE JIBUKCHUIO OKA3bIBACT CUJIa TPCHUA KAYCHUS KO-
nec Frp:

2.
1

FTP =umgcosa , (3)
rae Y — ko3 GHUIUEHT TPEHUs KaueHMs;
m —wmacca OT, kr; § — yCKOpeHHe CBOOOIHOTO Taje-
Husl, M/C%, o — yroJ HaKJIOHA Y4acTKa JOPOTH.
B mMaTemaTnueckoil MOIEIMN TaKKe YUYUTHIBAECTCS
YBEJIMYEHUE CHJIBI COINPOTHBIICHHS TPH JBUKECHUU

DJIEKTPOTPAHCIIOPTHOIO CPEACTBA IO JOpPOre C YKIIO-
HOM:
F,=mgsina, 4)

rae Fy — cuia conpoTUBICHUS ABMKEHUIO 110 HAKJIOH-
HO# TockoctH, H.

IIpu cocraBieHUN MaTeMaTH4eCKOH MOAEIH B
OTJINYKE OT HanboJIee YacTo NCIOJIb3yEMOT0 ITpHUBe/Ie-
HUSl MEXAaHNYECKUX BEIMYMH K CKOPOCTH BaJjla JIBUTa-
TeJIsl, B HACTOSIIEH MOJIETIH OCYIIECTBISIETCS TIPHBEIC-
HUE K JIMHEWHON cKopocTH aBHkeHus JT.

B stom ciywam Tarosoe ycwime Fr Ha Komecax
paBHoO:

Mi
.. — zplirp , (5)
T
Tk
rae M — momenT anektpoasurarens, Hvm; #rp — KI1J]
TPaHCMHUCCHH, I'k — paauyc KoJieca, M;
i7p — MEPENATOYHOE YUCIIO TPAHCMHUCCHHU:
ke =lglo (6)

rae g — nepenarounoe uucno KIIIT; iy — mepena-
TOYHOE YHCJIO MeXaHm4deckoro nuddepeHnuana.
[IpuBenenue Bpamarommxcs Macc K JIMHEHHOU
CKOPOCTH OCYIIECTBISIETCS TI0 COOTHOIICHHUIO:
s - S
TPk K
roe m',— MIPUBEJICHHAS Macca BPAIIAIONIUXCS TeTl, KT;
J7— MOMEHT MHEpIUY ABHUTATEII, krm2;, Jk — MOMEHT
MHEpIMH KoJleca, KIM2,
JIBmKkeHue TPaHCIIOPTHOTO CPEICTBA OIMUCHIBA-
€TCSI U3BECTHBIM COOTHOILIEHUEM
dv
FT_Fc:mZE' (8)

rac FC — CWJIa COIPOTUBJICHUA IBUXKCHUIO, H,

dv _ yckopenue DT, M?/c;

dt
My — HOJIHAs IPUBENICHHAs Macca, KI:
My =My +m;, 9)
rae Myr — Macca EKTPOMOOHIIS, KT.

Maremariueckass MOJAENb CHHXPOHHOTO peak-
THUBHOTO JABHTATEIsl CTPOUTCS MPH CIEAYIOMNX JIOITy-
uienusix [6, 7]:

1) O6motku ¢a3 cratopa D] UMEIOT OIMHAKO-
BbIE MapaMeTphl (YMCIO0 BUTKOB, aKTHBHOE CONIPOTHB-
JICHHE U 1Ip.);

2) pacmpeelicHHEe MATHUTHOTO TOJIS TI0 OKPYK-
HOCTH CTaTOpa MPUHUMAETCS CHHYCOUAAIbHBIM;

3) HepaBHOMEPHOCTh  BO3AYIIHOTO  3a30pa
MEXY CTaTOPOM M pOTOPOM U M3MEHEHHUE MarHUTHOMN
IIPOBOAMMOCTH HE YUUTHIBACTCS;

4) MexaHHYeCKHe MOTePH U MOTEPU B CTAIH HE
YUUTBHIBAIOTCH.

VYpasuenust CPJl sunepruu 6azupyrorcs:

- Ha ipeoOpazoBanuu Kitapka, mepexox oT Hemno-
IBIDKHOW TpeXMepHO# cucteMbl koopauHat A-B-C k
HENOJBIKHOW ABYXMEPHOH cucteme o-3;



IIT Lsg®omsdemtobim bsdgboghm-Egdbogzmeo 3mbggmabios "gbgMag@ogol msbsdgmmgy 3Gmdergdgdo
@5 35000 3505§93930L 3bgdo", MdoEOLo, bygsGmggwm, 2021 fiemol 7-10 ogbolio
IIT International Scientific and Technological Conference "Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, June 7-10, 2021

- Ha npeoOpa3oBanuy [lapka, mepexox OT Hemo-
IBIDKHOW JBYXMEpPHOW CHCTEMBI - K ITOABIKHON
JBYXMepHO# cucteme koopauHar d-g. [Ipu sTom ock d
COBIIaZ]a€T C OCHIO IIOJIFOCA POTOPA, & OCh (| SBIIACTCS
MEPEYHON U MMeEeT CIBHUT OTHOCHTENBHO ocu d 90 o
rpam.

CucreMa ypaBHEHHIA, OMTUCHIBAIONIASI DJIEKTPOME-
XaHUYeCcKoe MpeoOpa3oBaHue SHEPTUU UMEET BUI:

di . .
Ly d_:z Ug —Rig + Ly

dig . .
Lq E = Uq - qu - Lda)erld s (10)
M = 3Z Ly — Ly)igi

—E p( d q)ldlq

rae Lg, Ly — mHAYyKTHBHOCTB 110 ocu d 1 1o ocH g, co-

OTBETCTBEHHO, ['H;

ig, Ig — MpoeKIHst 0600IIEHHOTO BEKTOpa TOKa Ha OCh d

M Ha OCh (], COOTBETCTBEHHO, A;

Ud, Uq — IPOEKITHSI 0000IIEHHOTO BEKTOPa HANIPSKEHUS

Ha och 0 ¥ Ha OCh (|, COOTBETCTBEHHO, B;

R — akTHBHOE comnpoTuBIeHus cTatopa, OM;

Zp — KOJIMYECTBO Map noikocos D/I;

Wer — IEKTPUYECKAsl YTIIOBAsi CKOPOCTH POTOPA, pajy/c:
Qg = LP @y, (11)

rIe @m — MEXaHH4YecKas YIJoBas CKOPOCTH POTOpa,

pan/c.

Peanuzanus coornomenwuii (10)-(11) B ctpyktyp-
HOH (opme, UCTIONb3yeMasi B KOMIIBIOTEPHOH MOJIEITH
IpuBeZeHa Ha puc. 4.

VYrpaBieHne CHHXPOHHBIM PEaKTUBHBIM JBHIA-
TEJIEM OCYIIECTBISIETCS 110 W3BECTHBIM MPHHIUIAM
MOCTPOCHUS CHCTEM BEKTOPHOTO yrpasieHus [6]. Ba-
PHaHTBl UMHTAlMOHHBIX MOJENed JaHHOTO Ccrocoda
ynpasienus B 6ubmiorexe SimPowerSystem Simulink
MpUBeZIeHBI B iuTeparype [8, 9].

“L 2> J*@‘ <)
ud
W

Udq

w
Y
- s> L
— k
1 W
’
< fooprz> >
o) D o
M = 3/2°Zp(Ld-La)id"lq M

Puc. 4. Mogens CPJ1 B nakere Matlab/Simulink

3akiouenne. COBOKYIMHOCTH BHIIICTIPUBEICH-
HBIX MAaTEMaTHYECKHX MOJEIel co3aeT BOSMOXKHOCTh
KOMITBIOTEPHOT'O MOJICITUPOBAHUS IEKTPOMArHUTHBIX
U MEXaHWYECKHX ITPOLECCOB B AIIEKTPOMEXaHMUECKON
CHCTEME U UCIIOJIb30BAaHHE PE3YJIbTATOB MOJEIHPOBa-
HUS IS COTIOCTABIICHHUS C Pe3yJIbTaTaMH UCIIBITAHUN U
OKCIICPUMECHTAJIbHBIX HCCHeHOBaHHﬁ, KOTOPLIC ITPOBO-
JATCSA B HACTOANIEE BpPEMSA B Me)KL[yHapOI[HOM KOH-
copiyMe « DHEProCOEPEIKCHUSD».
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IlepcneKTUBBI UCIIOJIB30BAHNS 001aUYHBIX TEXHOJIOTHIH B 32/1a4aX 3JIeKTPONPUBO/IA
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Aunnotanusi. Cpedu Haubosee pacnpoCmpaneHHblX NPULUH 6e0YWUX K OMKA3y 000pYO08aAHUst INEKMPONPUBOOOE HA
nepeulll NIaH 8bIX00im Mexanudeckue. M3Hoc 00H020 U3 MEXAHUYECKUX Y3708 MOJCEN NPUSECmu K YenHou peaxyuu,
Umo Modicem nogiedb 3da CoOOU blX00 U3 CMPOsL He MOJbKO MEXAHUKU, HO U JeKmpoobopy0osaHus emecme ¢
anexkmponuxol. Kpome moeo, Oadce He KpumuuecKuil U3HOC MEXAHUYECKUX Y3108 @leuem 3d coO0u usMeHeHus
napamempos agmoMAmu3UPOBAHHON CUCIEMbl VIPAGIEHUsl, KOMOpble 6 C60l0 ouepedb GIUSION HA Kayecmeo
nepexooHbiX npoyeccos u ycmouuugocmo cucmemvl. Tpaouyuonnvie SCADA-cucmemvl u ancopummol ynpaeienus He
coomeemcmayiom mpebogaHusM epeMenu. B cesasu ¢ omum  npedcmaenenvl peuileHus Ha 0aze Cepeucos,
npedocmasnsieMvix 0bnaunou naamgopmor AMazon. dmu cepsucvt coomeemcmeyrom nPedvigseMbiM Mmpedo8aHUsIM,
MAK Kax CHOCOOHbL OCYWeCmeums MOHUMOPUHZ, CUSHATU3AYUIO, NPOSHO3UPOBAHUE U AOARMAYU0 K UMEHEHUIO
napamempos asmomMamusupOBAHHOU CUCTeMblL YIPABTIEHUSL.
KioueBble CJ10Ba: 321eKmponpueod, AaeMOMAMu3UpOSaAHHAs CUCMEMA YAPAGIeHUsl, YCMOUYUBOCb CUCIMEMbL,
obnaunas niameopma, SCADA cucmemoi

Prospects of using cloud technologies in solving electric drive tasks

Nikolay Anishchenko, Candidate of Technical Science, Professor

National Technical University “"Kharkiv Polytechnic Institute”, Kharkiv, Ukraine, ORCID: 0000-0002-2720-
3671; e-mail: anishchenkonikolay@gmail.com .

Valentyn Zaleskyi, Doctoral Student

National Technical University “""Kharkiv Polytechnic Institute”, Kharkiv, Ukraine,

e-mail: valentin11091994@gmail.com.

Abstract. Among failures in motor drive the mechanicals are the most common. The deterioration of one of the
mechanical components can lead to a chain reaction, which can lead to not only mechanical failure, but also the
electrical as well as electronics failure. Additionally, even non-critical wear of mechanical assemblies make changes in
the automated control system parameters, which affects both the transient process quality and the system stability.
Traditional SCADA systems and control algorithms do not meet the requirements of the time. Regarding this, solutions
are presented based on services provided by Amazon cloud platform, which meet the requirements, since it’s capable of
monitoring, alarming, forecasting and adapting to changes in automates control system parameters.

Keywords: electric drive, automated control system, system stability, cloud platform, SCADA systems.

BBenenune. I3BectHO, 4YTO cCpenu Haumboiee MOCIEACTBUS: K  HHM  OTHOCATCS  HM3MEHEHUS
pacrpocTpaHeHHBIX MPHYMH BEAYIIMX K OTKazy rmapamerpoB  (MOMEHT  CONPOTHBICHHS, MOMEHT
obopymoBanusi snekTponpuBogoB (OII) Ha mepBwIid WHEPINH, )ECTKOCTh) aBTOMATH3HPOBAHHON CHCTEMBI
IUTaH BBIXOAST MEXaHHdueckwe. B kauecTBe mpumepa ympasierus (ACY), KOTOpBIC B CBOIO O4EPE/Ib BIUSIOT
MOJKHO HPHBECTH YPE3MEPHBIH M3HOC MEXaHHYECKHX Ha KauecTBO mepexodHsix mpomeccoB (IMI) wu
nepeaad, MeCcTepeH PeayKTopoB (MU MX HATHYHH), YCTOWYUBOCTb CUCTEMBI.

HEUCTIPAaBHOCTH JBUTATeNsl (Meperpy3ka JIBHUraTels, ITosTtoMy ¢ TOYKM 3peHHS  OOECICUCHHS
W3HOC TOJIIIUITHAKOB, HAPYIIICHHOE IIEHTPUPOBAHUE). paboTOCIOCOOHOCTH  CHUCTEMBl  BQ)KHBIM  SIBIISIETCS

W3HOC OAHOrO U3 MEXAHMYECKUX Y3II0B MOXKET KOHTpPOJIb ~ W3HOCAa  TIOCPEJICTBOM  MOHHUTOPHHTA
MIPUBECTU K LIEMTHOW PEaKLUH, YTO MOXKET IMOBJIEYb 32 MapamMeTpoB M CUTHAJM3ALUK O BBIXOJE UX 32 PAMKH
CO60ﬁ BbIXOJ M3 CTpPOSA HEC TOJBKO MCXaHHUKH, HO U JOMYCTUMBIX TPEACJIOB g IMPOBECACHUA IJIAHOBBIX
JIEKTPOOOOPYAOBaHUSI BMECTE C AJIEKTPOHHMKOH. IIpm PEMOHTOB WJIM 3aMEHBI y3JI0B. Takke HeMaJIOBaKHBIM
9TOM 3aME€Ha OJHOTO W3 Y3JIOB YXe HE MOMOXET B sBsiercs apantaiyst ACY K M3MEHEeHUsIM ITapaMeTpoB
pereHny mpooIIeMbl. BCJIEZICTBHE MEXaHNYECKOT0 U3HOCA.

Kpome Toro paxe HE KpUTHYECKMM HW3HOC Tpaguunonasie SCADA cHCTEMBI U aNTOPUTMEL
MEXaHWYECKUX Y3JIOB BJIEYET 3a COOOH HENpHSTHBIC YOpaBlICHHS  HE  COOTBETCTBYIOT  TpeOOBaHUIM

10
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BpEMEHH, T.K. HMX CIOXHO MacIiTaOHpOBaTh, OHHU
YSA3BUMBI TIepel XaKePCKHUMH aTakaMH, JOBOJBHO
CIOKHO 9((EKTHBHO pealn30BaTh COBPEMCHHBIC
aNTOPUTMBI ~ yNpaBlIeHHs Ha ©0a3ze  MaIIMHHOIO
o0ydeHHns (OTpaHHYEHBI pecypcaMl YCTPOMCTB, Ha
KOTOPBIX OHHM pEaln30BaHbl), KpOME TOrO OHHM HE
CIIOCOOHBI K MMPOTHO3UPOBAHUIO HEMCIIPABHOCTEH.

B cBs3u ¢ BhINICHEPEUNCICHHBIME  (PaKTOPaMHU

menecooOpasHa  pa3paboTka pemieHHd Ha  0Oase
CEePBUCOB MPEI0CTaBIAEMbBIX 00TaYHBIMU
mIaThopMamH, KOTOpbIE COOTBETCTBYIOT
MPENBSBISEMBIM  TPeOOBaHHMAM, T.K.  CITIOCOOHBI
OCYIIECTBUTE MOHHUTOPHHT, CHUTHAITH3AIHIO,
MPOTHO3MPOBaHWE M ajanrammio  (Gmaromaps

MAIIHHHOMY 00YUYCHHIO).

Ha naHHBII MOMEHT CYIIECTBYET MHOECTBO
o0MayHbIX TUIaTGOPM, CpPEead KOTOPBIX JIHIEpaMu
sBisitoTcst  Amazon  Web  Services (AWS)  [1],
Microsoft Azure [2] u Google Cloud Platform [3].
CepBHUCBHI, KOTOPblE OHM MPENOCTABISIOT, CXOXKH IO
CBOEMY MNpPHHIMITY, TIO3TOMY B JaHHOH cTaTthe OyIyT
MPEJIOKEHBl  PElIeHWs Ha  OCHOBaHWUHM  CaMOH
noryJsipHoit atdopmsr — AWS,

Henp pabdoTbl COCTOMT B  PacCMOTPEHUH
pemieHnsl  BBHINICHM3IOKEHHBIX MpolieM 3a  cyer
WHTETpaui 000pyIOBaHUSA C OOJNAYHOW TUIATHOPMOH
Amazon, cpeICTBaMH €€ CEPBUCOB.

N3noxenne ocHoBHoro martepuana. AWS loT
Core mpenocTaBiseT MPOrpaMMHOE OOCCIIeYCHUE IS
YCTPOMCTB,  KOTOpPOE  TOMOTaeT  HHTErpUpOBATh
yerpoiictea IoT (Internet of Things) B pemenust Ha
ocoBe AWS IoT [4] (puc. 1).

10T — 910 ceTh Pu3MUecKrx 00BEKTOB, UMEIOIINX
BCTPOGHHBIC  TEXHOJIOTHH, KOTOpPHIE  IO3BOJISIOT
OCYILECTBIISITh B3aMMOJICIICTBUE C BHEIIHEH CpPenoH,
nepefaBaTh CBEJCHUS O CBOEM COCTOSIHUM U
NPUHAMATH HHGOPMALUIO (TaHHbIC) H3BHE.

{0}
A 1}

AWS services

AWS loT

loT devices

Puc. 1. IIporpammuoe obecnieuennie AWS IoT

AWS IoT Core mnoamepxuBaeT CIeayIONIe
MIPOTOKOJIBI:

— MQTT (Message Queuing and Telemetry
Transport);

— MQTT mo WSS (Websockets Secure);

— HTTPS (Hypertext Transfer Protocol-Secure);

— LoRaWAN (Long Range Wide Area Network).

Apxurextypa AWS IoT Core mpeacraenena 3
61okamu [5] (puc. 2):
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= AWS I|oT device software — mpemocrasiser
MIPOTpaMMHOE  OOecrmedeHue  UIs  IOAIEPKKU
yctpoticts 10T;

= AWS 10T control services — obecrneunBaror
nojKio4YeHue K apyrum cepsucam AWS 10T;

= AWS loT data services — obecriednBaroT aHaan3
JAHHBIX, UX BHU3YaJIM3aIl[UI0 U 00pabOTKY COOBITHH C
YCTPOICTB.

Ha puc.3 nokazano kak mocpencreom AWS loT
Core cepBUCOB IMPOUCXOJUT KOMMYHHUKALUS MEXKAY
YCTPOMCTBOM M IPYTUMH CEPBHCAMHU TUIAT()OPMEI.

CBs3b € yCTPOWCTBOM 3allHIIeHa 0e30ITacHBIMU
MIPOTOKOJIAMH, UCTIONTB3YIONIMMHA cepTHduKaThl X.509.

Data services

AWS IoT Architecture

AWS LoT Events

AWS loT Analytics

AWS loT Sitewise

AWS IoT Device Mgmt. AWS IoT Device Defender

Control services

AWS IoT Core AWS IoT Things Graph

AWS IoT Greengrass AWS IoT Device Tester

Device software

FreeRTOS

AWS 0T Device SDKs

B8 EE BE

Puc. 2. Apxurexktypa AWS IoT

MoxHo wucmons3oBaTh nporokon MQTT mampsmyro
wm MQTT uepes WebSocket mmst mybnukammm u
monmucku. Message broker obecnieunBaeT 0e30macHBIN
MEXaHU3M JUII yCTpoiicTB m mpmioxkeHuit AWS IoT
JUIsl TyOJIMKAlMK W TOJYYeHHs COOOLIeHWI ApYyr OT
apyra. Rules engine nepenmaer nanHele oT Message
broker k npyrum cepBrcaM miaTOpMbI I XpaHCHUSI
U JanbpHeWel o0paboTku (Ha pPHUCYHKE IOKa3aHa
JUIG  4acTh cepBucoB). Device Shadow cepsuc
COXpaHseT IOCIIEHIE COCTOSIHUSI YCTPOMCTBA, YTOOBI
TIPUIIOKEHHS MOTJIH B3aUMO/ICIICTBOBATH c
YCTpPOMCTBOM Jla’ke, €CJIIM OHO BJAPYT OKaKeTcs
OTKJIFOYEHHBIM OT CEeTH.

JU

Amazon DynamoD8

r Rules
Message engine P
> broker gl

Device
Shadows

Amazon Kinasis

Thing SDK

AmazonS3

A4 4 Y
Security and identity

Amazon SNS

loT

Amazon QS
AWSSDX

!

Puc. 3. KoMmMyHHKaI#sE MEXKIY YCTPOMCTBOM U
cepBUCaMU TIATGOPMBI

Cpenu Haubolsiee TOIYJSIPHBIX YHHBEPCAIBHBIX
YCTPOMCTB, KOTOPBIE MOAJIEPKUBAIOTCS IIATHOPMOH,
SBIIAIOTCS ~ OJHOIUIATHBIE  KOMIIBIOTEPHl  CEpPHUHU


https://docs.aws.amazon.com/iot/latest/developerguide/mqtt.html
https://docs.aws.amazon.com/iot/latest/developerguide/mqtt.html
https://docs.aws.amazon.com/iot/latest/developerguide/mqtt.html
https://docs.aws.amazon.com/iot/latest/developerguide/http.html
https://docs.aws.amazon.com/iot/latest/developerguide/connect-iot-lorawan.html
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Raspberry Pi [6] u kouTpostepsr cepuu Arduino [7].
KommyectBo  momkimrogaeMbIX — JaTYUKOB/YCTPOMCTB
OIpeJIeTISIeTCST Ceprell KOHKPETHOrO YCTPOWCTBA U
KOJIMYECTBOM ~ MOJIyJed MOJKIIOYAaeMbIX K  €ro
nepudepun.

Jns  uHTerpanuM yHHUBEPCAJIbHBIX YCTPOMCTB
HY’KHO IPOJIeNIaTh clieayromiue maru [8]:

— 3apETUCTPUPOBATH YCTPOUCTBO B cepBruce AWS
10T (aBTOMaTHUYECKH CO37ACTCS SHTIOUHT);

— ycraHoButh Oubmmoreky AWS IoT Device
SDK Ha ycTpoHCTBO;

- MPUBSI3aTh ceprudukart K
3apEerMCTPUPOBAHHOMY YCTPOMCTBY U CKOMUPOBATH
cepTu(UKATHI HA YCTPOWUCTBO;

— co3zmaTh MOMUTHKY (policy) m mpuBs3aTh ee K

YCTPOUCTBY IIsi  OOeCHedYeHHs JIOTOIHUTENFHON
6e3omacHoOCTH.
Ecmu TOBOPHUTH (6] CIICHHUAJIN3UPOBAHHBIX

YCTPOMCTBAaX, TO Ha PBIHKE TMOSBHINCH KOMIIaHHH,
KOTOpBIE MPEAOCTABIISIIOT WHTETPALUI0 000PYIOBAHUS
¢ 00J1aYHBIMU IIATHOPMAMH.

Kommanmst  Softing mnpemnaraer anmapaTHBIA
Monyns u IIO tManager 1nd  MHTerpauuu
nporpaMMHpyeMoro Jorudeckoro konrpoiuiepa (ITJIK)
ControlLogix ¢ oGmaunsiMu mnatdpopmamu [9], 9ro
MTO3BOJISICT MOAKIIOYNTE obOopymoBanne k AWS IoT
Core 6ykBansHo 3a 10 mun [10].

CloudRail mpemaraer cBoii anmmapaTHBIH MOITyITb
CloudRail.Box u 1O mis uHTerparmu gatankos [11],
ITJIK, SCADA cuctem [12].

CloudRail.Box wucmonmb3yer ymaneHHBIC MOIYIH
BBOJA-BLIBOIA, Tak HasbiBaemble 10-Link Masters, mis
nogkmoyenust k jgardukam. Opun  CloudRail.Box
MOJXKET B3aMMOJICHCTBOBaTh C 8 MOAYJISIMH BBOAA-
BBIBOJIA, €CIIM OHU HAXOIATCSA B omHOI ceTu. Kaxmbrit
MO/TyJTb BBOJIa-BBIBOJIa UMEET 4 MK 8 TIOPTOB.

Kaxnaplii mopT Momyns BBOJA-BBIBOJA MOXKHO
nucronb3oBark kak: Bxon 10-Link, seixom I0-Link,
muppoBoii BXoA, HHGPOBOH BHIXOH (HEOOXOIUMO
WCIOB30BaTh pene 24 B), ananoroseni Bxox 4... 20
MA (¢ amantepom DP2200 mmum momynem AL2205),
aHaOroBbIi BeIx0 4... 20 MA (¢ momynem AL2205).

CloudRail.Box moxet pabotaTh OO C OTACIBHO
YCTAaHOBJICHHBIMU JaTYMKaMd W MOJIYJSIMH BBOJA-
BbIBOJIa, JIMOO  WCIIONB30BaTh  CYIIECTBYIOIIEE
o0opyoBaHue, KoTtopoe yxke moakmodeHo k [IJIK
(6maromaps Bxoxy Y-Path).

OPC UA KOHHEKTOp MO3BOJSIET MOJIKIIOYUTH
mo60it ucrounnk OPC-UA, nanpumep [JIK, cucremsr

SCADA  wmum  TpOMEXKYTOYHOE  IIPOTPaMMHOE

obecneuenne, Takoe kak PTC Kepware nmm Ignition.
Paccmorpum, kak  MoxeT OBITH  IIOJIE3HA

uHTerpanuss ¢ IIarpopMoil i1 pelieHHs

BBIIICU3JI0KEHHBIX ITPOOJIEM.

KimroueBeiM 3nementom Jrob6oro OIl aBiseTcs
3JIEKTPOJBUTATENIb U BBIXOJ €0 M3 CTPOsI TPO3HUT Kak
npocroeM 00OpYyIOBaHUs, Tak © (HUHAHCOBBIMHU
3aTpataMu Ha ero 3ameHy/peMoHT. [loaromy xopomio
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UMETh  BO3MOXKHOCTH  OTCIICKHBATH  KITFOUEBBIE
mapamerpel O/l B peadbHOM BPEMEHH, IOIYy4aTh
ONOBEIIEHUSI O BBIXOJE TAKOBBIX 33  PaMKH
JIO3BOJICHHBIX, @ ITI0 BO3MOXKHOCTH IIPOTHO3HMPOBATH,
KOTJIa HapaMeTphl BBIIIYT 3a 9TH PaMKH.

CornacHo HCCIIEI0BAHHIO, MPOBEICHHOMY
WHCTUTYTOM HHXEHEpOB IO DJEKTPOTEXHUKE U
anekrponuke (IEEE) [13], 44% neucnpaBHOCTEH

QIIEKTPOJIBUTATEIICH CBSI3aHBI C TTOIIUITHUKaMHU, a 24% —
CO CTaToOpOM.

MexaHu4ecKre HEeNOJIQJAKH B  IOJIIIMITHUAKAX
BBI3BIBAIOT YBEJIMYCHHE BUOPALM U OTKIOHEHHMS TOKA
OT HOMHHAJIBHOTO, & TaK)Xe MNPEBBINICHHE 3aJaHHOMN
TeMIIepaTyphbl IBHTATENs O] HArpy3KOd, 4TO MOXKET
OBITh OOHAPYKEHO IOCPEACTBOM IATYNKOB BHOpamuy,
JaTYUKA TOKA M JaTYMKa TEMIIepaTyphl.

Ilpn Hanmuuuu, HampuMep ycrtpoictea Arduino
Uno, KOTOpO€ WHTErPUPOBAHO C TIAT(HOPMOIL, a TaKxKe
IMOAKJIIFOYCHHBIX JATYUKOB!:

— TpexoceBoro akcenepomerpa (ADXL345) mns
H3MepeHHs BUOpaIuy,

— narumka Toka (ACS712);

— natuynka Temneparypst (DS18B20)
ripu nomomn cepBucoB loT SiteWise Monitor[14], IoT
Events [15], SNS [16], Sagemaker [17], Lambda [18]
MOXKHO PEAIM30BaTh MOHUTOPHHI, CHIHAITH3ALHIO,
[POTHO3MPOBAaHME  MEXaHW4YeCKOro  H3HOca U
amanranuio ACY.

[epecbuias moka3aHusi W3MEPEHUS JIATYMKOB
yepe3 Message broker mocpeactBom Rule engine ¢
nomoreio  SiteWise Monitor MOXXHO OCYIIIECTBUTH
MOHUTOPUHI TIOKa3aHWl B peaJbHOM BPEMEHH.
IMocpenctBom Rule engine MBI Takke MOXeM
nepenaBath nokasanus B loT Events mns ornpaBku
coobmmennit ¢ momomnsio SNS Opurane o0CITyKUBaHHS
NPY PEBBIMICHHN TOMYCTUMBIX 3HAYCHHH.

IToctpoenne ™monenmu B Sagemaker, KoTopas
Oyner mpejicKas3blBaTh OyIyloue MMOKa3aHWs JAaTYHKOB
Ha OCHOBaHMH TEKYIIUX C momorisio Long-Short-Term
Memory anropuTMa, IO3BOJIUT  IPOTHO3UPOBATH
HCUCIIPABHOCTH ABUTATECIIA. Pemenue otnuuaercsa ot
NpeapIAymero TeM, 4TO IIOKa3aHUA IaTYUKOB YCPE3
Message broker mepematorcs B Lambda, rame
BBI3BIBACTCSl  MOJENIb, IIPOTHO3  KOTOPOH  yxke
nepenaercs B [oT Events. Ecnu 3HaueHne BBHIXOAUT 3a
pPaMKH JOIYCTUMOI'O, TO OTHPABIISETCS OIOBEIICHHE
Opurane obciryxuBanus dyepe3 SNS.

PaccMoTpuMm  ciyyaid ajganTaluu - mapameTpoB
peryastopa. JlomycTHM, €CTb WHTETPUPOBAHHBIN C
mwiatpopmoii IIJIK, Ha kKOTOpOoM peamm3oBan IIM-
PEryisaTOp, KOTOPBIM MOAAET YIPABISIIOIINANA CUTHAII HA
CHIJIOBOH TipeoOpasoBartenb. Torga aganranuio ACY k
MEXaHHYECKOMY  HM3HOCY  MOXKHO  OCYILECTBHTS,
pea30BaB IUIAHOBYIO AaBTOHACTPOWKY perysaropa
(omuu pa3 B onpezeeHHbBIH EPHOI BpeMeHH) Ha Oase
00JIaUHBIX CEPBHUCOB.

Jl71st 3TOro Hy’>KHO IPEABAPUTEIBHO IOCTPOUTH U
00y4YHTh MOJIETb HEHWPOCETEeBOr0 HACTPOWIINMKA B
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cepeuce  Sagemaker, KOTopas Ha OCHOBAaHUHU
rapamMeTpoB CHCTEMBI Oyzmer OTIpENeNsTh
ONTHUMAJIbHBIE  3HAYCHUS MPONOPIHOHAIFHOTO U
uHTerpupytomero kodddumuentor ycmnenus [1U-
perymsTopa.

ITocne 3TOTO MOXHO OCYIIECTBIIATH
NEePeHACTPOMKY pEeryisiTopa ¢ IOMOILIbIO CepBHCA
Lambda, xoropblii Oymer nUpuUHHMAaTh  HOBBIE
nmapameTpsl cucteMsl oT Message broker mocpeacTsom
Rule engine corimacHo 3amaHHOMY pacHHCaHUIO, WU
BBI3BIBATh MOJENb HEWPOHACTPOWIINKA C HOBBIMHU
napamMeTpaMu CUCTEMBI, a 3areM nepecbuiath B [IJIK
HOBbIE 3HAYCHUS KOA(PQUIMEHTOB peryniropa ¢
momotbsio Message broker.

BeiBoabl. Kak BuAHO U3 MpencTaBICHHBIX
peuieHui, naTerpanys ¢ ooayHoi miathopmoit AWS
mo3BoJsieT 3((EeKTUBHO peaTn30BaTh MOHHTOPHHT,
CUTHAJIM3AIMI0,  TPOTHO3MPOBaHME  MapaMeTpoB,
CBHJIETENBCTBYIOIUX 00 U3HOCE MEXaHMYECKUX Y3JIOB,
a taxke afganrtauio ACY K BIUSHHIO MEXaHUYECKOTO
H3HOCA.

Peamu3oBaB  mabmoH  MHQPAaCTPYKTYypsl B
obnaunoii argopme B Buze kona (1aC) ¢ momomipro
cepsuca CloudFormation [19] MokHO GBICTPO U JIETKO
MacITabupoBaTh BO3PACTAIOIIEE KOJIUYECTBO HOBOTO
000pyIOBaHUS U TATYHKOB.

AWS  rapanTHpyeT  0€30mMacHOCTH  CBOEH
uHppacTpyKTypel  24*7.  Ilomp3oBaTtenb  MOXET
ABTOMATH3MPOBaTh MPOLECC MPOBEPKU Oe30MacHOCTH
NPWIOKEHUH, YTO B CyMMe OOECICUUT HAACKHYIO
3alIUTY OT XaKePCKHUX aTakK.

Peanmuzanmsi  MHTEJUIEKTYallbHBIX  CIIOCOOOB
yIOpaBieHUsT B 00JaKke IOCPEICTBOM aIrOPUTMOB
MaIlMHHOTO  OOy4YeHWs JaeT MPEeuMYyIIeCTBO B
OBICTPOICHCTBIM 32 CUET HEOTPAHMYEHHOTO U THOKOTO
BBIJICJICHNS BBIYUCIUTEIBHBIX PECYPCOB.

[MpennoxeHHbIe  pEIICHUS  TO3BOJSIT  MMEThH
ONTUMAJIBHOE KOJIMIECTBO OOCITYKMBAIOIIETO IIEPCOHANIA,
HaJlM4Me Ha CKJIaJaX BCEX HEOOXOIMMBIX IS PEMOHTA
KOMIUIEKTYIOIINX,  HEM3MEHHO  KAa4deCTBEHHYI0 W
OecriepeOoiiHyr0 padboTy 000pyIOBaHM.
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Annoranus. Co30ana uMUMAyUOHHAL MOOeNb 08YXCKOPOCMHO20 INEKMPONPUEooa Iupma u onpeoeieHda 3a6ucu-

MOCMb MOYHOCHU OCMAHOGKU OM CMeneHu 3a2py3Kku Kabunsl tugma. Ha ocroge npeonodiceHHo2o memooa uoeHmudu-

Kayuu pazpabomana CucmeMma ynpasieHus, CHUNICAIOWAs, 6IUSHUE CIeNneHu 3a2py3Ku KaOuHbl Tugma Ha MOYHOCMb €20

nosuyuonuposarus. Iccaedosano auaHue usmMeHeHus Hanpsjicenus NUMAanus Ha MOYHOCMb PA3PADOMANHOU CUCTEMbL

VAPAGACHUAL.

KaroueBble ci10Ba: augm, cucmema asmomamuiecko20 YApaeieHus, Hanpsjcenue NUManus, MmoYHOCMb
NO3UYUOHUPOBAHUSL.

Investigation of a two-speed elevator control system under conditions of changing supply voltage

Olena Nazarova, Candidate of Technical Sciences, Associate Professor

Zaporizhzhie Polytechnic National University, Zaporozhye, Ukraine, e-mail: nazaroval6@gmail.com
Volodymyr Osadchyy, Candidate of Technical Sciences, Associate Professor

Zaporizhzhie Polytechnic National University, Zaporozhye, Ukraine, e-mail: w.osadchiy@gmail.com
Serhii Shulzhenko, Postgraduate

Zaporizhzhie Polytechnic National University, Zaporozhye, Ukraine, e-mail: serega_shulzhenkol4@ukr.net

Annotation. A simulation model of a two-speed electric drive of the elevator has been created and the dependence of
the stopping accuracy on the degree of loading of the elevator car has been determined. On the basis of the proposed
identification method, a control system has been developed that reduces the influence of the degree of loading of the el-
evator car on the accuracy of its positioning. The influence of changes in the supply voltage on the accuracy of the de-
veloped control system has been investigated.

Keywords: elevator, automatic control system, supply voltage, positioning accuracy.

Beenenue. Pactymuit napk nudros tpedyer He- INyTeM CHSTHUS 3HA4CHHH HEOOXOAMMBIX IapameTpoB
MIPEPHIBHOTO COBEPLICHCTBOBAHUS TEXHUKU MOHTaXka U HETOCPEJICTBEHHO Ha uccieayeMoM mdre. Takum 00-
TEXHMYECKOTO OOCTY)XMBAHUSI ITHX MalIMH C EIbI0 pa3om, JaHHBIH METOJ MPUMEHUM KO BCEM BUJIaM JIU(]-
TOBBIIICHUS] HAJIS)KHOCTH U OE30MaCHOCTH MX NpUMe- TOBBIX YCTaHOBOK KaK YCTaHOBJICHHBIX JIaBHO, TaK U
HEeHUs. [JTaBHBIMH TEXHHKO-IKOHOMHUYECKHMH TTOKa3a- HOBBIX. B pesyibprare 3TOr0 paciera MOXHO OIpeze-
TEJISIMH ITpA 00OCHOBaHNHU TEXHUYECKHUX PEIICHHUH pa3- JUTh 3(()EeKTUBHOCTH HMCHONB30BAHUS ONpPEIEIICHHON
JIMYHBIX CHCTEM JIM(QTOBBIX IEKTPOIIPUBOJIOB SIBIISCT- m(TOBOIM YCTaHOBKM Ul JAaHHBIX YCIOBHH AKCIITya-
csl cocoOHOCTh 00ECTICYUTh ONTHUMAaJIbHBIE KOM(OPT- TaIuHm.

HBIC yCJIOBHS MEPEBO3KH, SHEPTETUICCKYIO 3P PEKTHB- Heas padoTbl — pa3paboTaTs cCHCTEMY yIpaBie-
HOCTh M MaccorabapuTHbIE MokazaTenu. Kak mokasel- HUSI IByXCKOPOCTHBIM JIH()TOM, HCCIIEAOBATH BIUSHUSA
BAaKOT HCCJIICOOBAHMUA, J'II/I(bTBI HaxoIATCA B pPasacic HaIpsAXKCHUA TUTaHUA CETH Ha €€ pa60Ty TIOCPEACTBOM
o6opy11013aH1/m C TMOBBINICHHBIMU DJHEpPTro3arpaTamMu, KOMIIBIOTEPHOT'O MOACTIUPOBAHUSA.

TaK Kak Ha HUX npuxoautcs 1o 10% Bcero sHepromno- Marepuaibl nccjieioBaHuUS.

TpeOneHus 37aHus win coopyxenus [1]. Llena Ha CoBpeMEHHBIM M aKTyaJlbHbIM HampaBlieHUEM
QJICKTPOIHEPIUIO ITOCTOAHHO YBECJIMYNBACTCA, B CBA3U C Pa3BUTHA IJICKTPOMEXAHUKHU ABJIACTCA MEPEXOJ OT HE-
9THM BO3HHKAaET BOIIPOC €€ cOepeskeHusi M CHOCoO0B YIPaBISIEMBbIX aBTOMAaTH3UPOBAHHBIX CHCTEM B yIpaB-
9KOHOMHYHOTO HCIOJIb30BaHusl obopynosanusa. Co- JISIeMBIX, KOTOpBIE  OOECIeYMBAIOT 3HAYUTEIHHOE
IJIACHO IIPEJICTABIEHHBIM pacyeraMm B [2] cylecTByer yJIydIIeHne TMHAMUYECKUX M SHEPreTHYECKUX MOKa3a-
BO3MOJKHOCTB OIIPEICIICHUS HEpronoTpediaeHus - TeJIel IEKTPOIIPUBOIa U MeXaHn3Ma. B obmactu mud-
TOBOW YCTaHOBKHM, IPH PA3IMYHBIX PEXHMax paboTHl, TOB - 3TO 3aMEHA HEYIPAaBISEMbIX AaCHHXPOHHBIX 3JIEK-
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TPOTIPHBOJIOB C JBYXCKOPOCTHBIMH JIBUTATEISIMH Ha
YaCTOTHO YHPaBIIIEMbIE 3JIEKTPONPHUBOJA C OIHOCKO-
POCTHBIMH JIBUTATEISIMU, a TAaK)Ke BHEApPEHUE Oe3pe-
JOYKTOPHBIX JI€0EIOK € THXOXOIHBIMH HPHUBOIHBIMHU
npuratessmu [3].

Jna pemeHuss mpobieMbl MOJSpHHU3AIMM YCTa-
peBuiero nudToBOro 000OpyAOBaHUS IPOBEACH aHAIN3
HaunboJ1ee MOITyJIIPHBIX KWHEMAaTHYeCKnX cxeM. Tak ke
Ha HadyaJbHOM 3Tale UCCIEN0BaHMS OIpPEeNIeHO, YTO
OOJIBPIIOE  KOJIMYECTBO JKCIUTyaTUPYEMBIX JU(TOB
UMEIOT JBYXCKOPOCTHBIE ACHHXPOHHBIE 3JIEKTPOIPH-
Boza. IloaToMy OBUT B3AT 32 OCHOBY JIBUTATEIb THIIA
4AH-250-6/24HJIb momHocThI0 16/4 BT. Ilpmasra
KMHEMaTH4YeCKasi CXeMa C MaIlMHHBIM IOMEIICHHUEM,
pacHoNoXXeHHBIM CBepXy. Paccumrana W mocTpoeHa
MEXaHWYeCKasi XapaKTepUCTHKA HJIEKTPOIPHUBOAA Ha
OCHOBaHMH HcHob30Banus Gopmynsl Kitocca.

Hexotopoe kommuecTtBo uccrnenoBanuii [4,5] ObI-
Jla HampaBjieHa Ha TOAPOOHOE W3y4eHHE BIUSHHS
JJIEKTPUYECKUX MOMeX Ha pabory nudTa, HccienoBa-
HUSI MEXaHWYECKUX M DIIEKTPOMEXaHUYECKUX XapakTe-
PHCTHK 3JIEKTPOIPUBOAA, alIbTEPHATHB HUCTIOIb30BAHMS
Mmukpornporeccopasix CAY. Ho naentudukanms mac-
CBl TPY3a, HAXOMAAIIErocs B KaOMHE, OCTalach IOYTH
0e3 BHHMaHus [6].

C menpi0 ynpoIIeHUs! ONHCAHUS CHCTEMBI IPO-
LIECCHI, CBSI3aHHBIE C HATTMYMEM YIPYTHX CBA3EH MEXIY
aneMeHTaMu JuTa, HE paccMaTpUBAIMCh. MoJenb
nudra, mpeacTaBieHa Ha pUC.], 3TO CIOXKHAs cUCTEMa,
KOTOpasi B CBOIO OYepe/lb COCTOUT M3 PsAJa MOJCUCTEM:
ACHHXPOHHOTO JBYXCKOPOCTHOTO 3JIEKTPOJBUTaTeNs,
MOMEHTa COIIPOTHUBIICHHS, MOMEHTa UHEPLIUU, TOPMO3a

ScopeZ

U Tak jganee. ACUHXPOHHBIM IBUIATEb MPEICTaBIEH
moxcucremoir AD1 Ha ocHOBe ympomieHHOHW (HOpMyYJIBI
Kioca. I3MeHeHre 3Ha4eHHUs] CHHXPOHHON CKOPOCTH ¢
1000 06 / My Ha 250 00 / MHH OCYIIECTBISETCS TIEpe-
KJIIoYaTeneM Ha BXOJe NojacucTeMbl. Kpurnueckuii
MOMEHT JJIsl MaJIoit ckopocTH npuHATO 70% OT KpUTH-
YeCKOro MOMEHTa JIJisi 0OJIBIIOI CKOPOCTH.

IMoncucrema mMomeHTa compotuBieHus Moment
soprotiv BelpaxeHHast ypaBHeHueM (1)

B g-r-(mgr+mkab—mpr)
c >

2-1-7n,

M

M

rae I' — paanyc KaHATOBEIYILETO IIKHUBA, mgr — Mac-
carpysa; My,, — Macca KaGuHbI; M pr — Macca poTH-

BOBECA, | — MeEPENaTOMHOE YMCIIO PENyKTOpa; 71, —
KII/] monbpeMHON yCTaHOBKH, YYUTBHIBAIOLIHNA TPEHUE B
HaIPaBJIAIOIINX.

Bbiox MoMeHTa MHEpIUH MPEICTABICH ypaBHEHU-

em (2)

2
r -(mgr + Mg + My +mkan)

i2

J=

+Jo, (2)

rae My, — Macca KaHatoB;, J; — MOMEHT MHEPLHH

poTopa.

Jns paznuuHBIX cTeneHel 3arpy3ku kabunsl ot 0
10 100% c marom 20% ObUTO TPOBEICHO MOJICITUPOBa-
HHE JUIS OTIPEENeHUs YIIIOBOH CKOPOCTU BPAILlCHUSL.
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Puc. 1. CtpykrypHa cxema Moaenu IudTa

Ha ocHoBaHWM pe3ynbTaToOB, MOJATBEPKAAOIINX
aJIEKBaTHOCTh Pa3pa0OTaHHBIX KOMIIBIOTEPHOH u u-
3M4ECKOM Mojenedl K IociieqHell 100aBIeHO MOJAEINb
MOJICUCTEMBl HM3MEPEHHs CKOPOCTH BpalleHUs Baya
nsuraress [6]. Taxxe OblIa paspaboraHa mojacucrema,
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NO3BOJISIIOIIASl  PACCUUTATh UIMPUHY MMITyJbCca B
HAYaIbHBIA MOMEHT JBM)KCHHS KaOuHbl. OmnpesesncHo,
YTO JAOCTATOYHO MEPBHIX 12 MMIYJIBLCOB, T.€. T€X, YTO
MOJy4YeHbl C JaT4nKa 3a MepBble aBa 000poTa Basa
nsuraress. [IpoBeneHo MonenupoBaHUe U pa3iny-
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HBIX CTeneHel 3arpy3ku. [ manpHEHIIMX pacyeToB
CZIETIaHO TIPEAIIONIOKEHHE, BEIOPATh 8 MPOMEKYTOUHBIX
3HAYeHUH CTENEHH 3arpy3Ku KaOHUHbI, Kak 00pas3LoBEIe,
ycioBHO craHaapTHsie oT -20 1o 120% c marom 20%.
JlaHHOE TIPEIIONIOKEeHUE CAeIaHo I 00jIee BBICOKOU
TOYHOCTH ONpENeNICHHs] CTENeHN 3arpy3ku KaOWHbBI B
unTepBasax ot 0 g0 10% u ot 90 mo 100% 3arpy3ku
KaOWHBL. B mpenpiaymux ucciIeqoBaHHUSAX pPacdeThl
mpoucxonwiu B cpeze nporpammel Excel. J{ns ymyu-
LIEHUs] Ka4ecTBAa U CKOPOCTH 0OpabOTKH pe3yIbTaToB
MOJIETUPOBAHMS, BCE pacyeTsl M MpeoOpa3oBaHMs Te-
Ieph MPOUCXOIST HETIOCPEIACTBEHHO B MMHUTAIMOHHOMN
Mozenu nmudTa B cpene Matlab Simulink (puc. 2).

In1Qutt

Moment soprotiv

In1Qutt +

Moment inercii

+—p{int Outt Int
outt

Variable
Time Delay

3HaveHNe UMITYJIbCOB, OIyUYCHHBIE B PE3yJIbTaTe
MEPBBIX JBYX OOOPOTOB Bajia JBHUTATeNs IPU ITyCKE,
MIOTIA/IAI0T B MOJCUCTEMY OIPEEIICHNS CPEAHEKBAAPA-
TUYHBIX 3HAYEHUH, TJ€ NPOHCXOAUT CPaBHEHHE CO
CTaH/IapTHBIMHM 3HAUEHMSMH CTEIIEHH 3arpy3ku KaOu-
HBL [locne pacdyera cyMMbI CpeHEKBAIPATUUHBIX 3HA-
YeHUH MMITYJIECOB MPOUCXOTUT MOCTPOCHHUE YCIOBHON
mapaboiibl U ONpeesieHus ee IKCTpeMyMa. Y paBHEHHE
napaboibl HaXOAWUTCS Yepe3 paccuuTanble kKoadduim-
€HTBl MaTpHULBl I KaXJI0ro MHTepBalla CTENECHH 3a-
TPY3KH KaOWHBI OTJIENBHO.

L
[Z27]

EI’

1
i

Impulsy Test >
mpulsy (20-Test)

i1 Outt

7]

gL

In1
outt
Outl In2

Impulsy 40 Impuisy (40-Test)

In1 Qutt Ind U\JH*@

It Outt

1
Outt

[T

Outl In2

Impulsy 80 jmpuisy (60-Test)

1
QOutt

"
e

Outt In2

oulsy 8 sy (80-Test)

In1 Quit

!
NS

Impulsy 100 Impulsy (100-Test)

In1
QOutt
Ouit In2

[
[ZITTE

Impuisy 120 jmpyisy (120-Test)

Puc. 2. ImutaronHas MoJiesib CUCTEMBI YIIpaBiieHus udra ¢ uaeHTUPHUKaIeH

B pesynbrare MOmenMpOBaHUS B IUAIA30HE 3a-
rpy3ku oT 0 10 100% mostydeHo, 4To CTeneHb 3arpy3Ku
KaOWHBI CYIICCTBEHHO BIMSICT HA CKOPOCTh BPAICHUS
JBUTATEIS MU pa3roHe. Tak Kak BpeMs pa3roHa pas-
HOE, TO ¥ TOYHOCTHh MO3UIIMOHUPOBAHUS IS Pa3ind-
HOW CTETICHH 3arpy3Ku OyAeT MeHAThCs. [ moBskImie-
HUSI TOYHOCTH OCTAHOBKH B 33J]aHHOM MOJIOXEHHUH IS
pa3HbIX CTeneHel 3arpy3Kd aHATUTHIECKUM CII0COO0M
BBIUHCIICHA BPEMEHHAs 3aJCp)KKa Iepea OCTAaHOBKOM
(puc. 3). OHa KOPPEKTHUPYET BpeMsi OTKITFOUCHHSI JIBH-
TaTeiid U HAJIOKCHUA TOPMO3a B MOMCHT TOYHOH OcCTa-
HOBKH.

DTO MpeNBapHUTEIBHOEC MOJCIHPOBAHUC TMOKA3a-
JIO, YTO INPH MPUMEHCHHUU METOJA HICHTU()UKAIUN U
HCIIOJIh30BAHUU BPEMECHHOM 3aJCPKKH, B IIEPBOM IPH-
OMVKEHUH, MOXHO JOOWUTBHCS YMEHBIICHUS OIIMOKU
MTO3UIIMOHUPOBaHUS MOYTH B 5 pa3. Ilocie onpenene-
HUsSI CTEIICHU 3arpy3KH, 3HAUYCHHE I0T1a/1aeT Ha BTOPOM
9Tar paboThl CUCTEMBI YIIPABJICHHs. 3/1€Ch OHO BIUSIET
Ha pacyeT BPEMEHH Havajga TOPMOXEHHUS U TOYHOCTh
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MO3UIMOHUPOBaHUs. 3HAUCHNE 3arPY3KU KOPPEKTHPY-
€TCsl C TOMOIIBIO TONPaBOYHBIX KOI((HUIINEHTOB.

PaccunranHoe 3HaueHHE B KayeCTBE BPEMEHHOW
3a7iep>kkn 3azmaercss B Oinoke "Variable Time Delay».
Januplii MeTon WACHTH(UKAIMM CTENEHH 3arpy3ku
MMeeT MOTPEeNIHOCTh B mpeaenax +5%, 4To cumTaem
JonmycTUMbIM. VIMHUTanMoHHast Mozens nudTa, paspa-
6ortanHas B cpene Matlab / Simulink, B3siTa 3a ocHOBY
[3] u [6] nst uccaenoBaHKs BAMSHUS CETEBOIO HAIps-
JKEHUsI Ha paboTy BCEX AJIEKTPONPUOOPOB U YCTPOICTB,
a TaKkKe KaK CUCTEMa YIPaBJICHHS B 1IEJIOM.

CormnacHO yTBEpXK/IEHHBIM M  JACHCTBYIOLIUM
I'OCTaM u MexIyHapoAHBIM CTaHAApTaM, KOTOpBIE
PErYJHUPYIOT U KOHTPOJIHMPYIOT Ka4eCTBO I0/IaBAEMOTO
HaINpsDKEHUsT K MOTPEONTENSIM YKa3aHo, YTO IPH HOp-
MaJIBHBIX YCJIOBUSIX OIIEPUPOBAHMS HANPSDKEHHE ITUTa-
HUSI HE JIOJDKHO OTJIIMYAThCS OT HOMHUHAJIBHOTO HaIIpsi-
XKEHUst cucTeMbl Oonpmie yem Ha +10%, mpu 3TOoM
HOPMAaJIBHEIM OTKJIOHEHHEM cunTaeTes = 5 % [7-9].
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C ydJeToM BHECEHHBIX BHIIICYKAa3aHHBIX H3MCHE-
HUI OBUJIO TPOBEOCHO MOJACIMPOBAHUE U Pa3HBIX
CTETIEHEH 3arpy3KH, a TaKkXKe IS Pa3TUIHBIX OTKIIOHE-

HUH 3HAYSHUN HarpsHpKEHUA IMUTaHU OT HOMHUHAJIBHBIX
20
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o
o

s
wn

-20

Cabin loading degree. cu
Puc. 3. 3aBHCHMOCTH TOYHOCTH OCTAHOBKH OT CTEIICHH 3a-
Tpy3Kd KaOWHEL: 1 — cuctemMa 0e3 naeHTHOUKAINH,
2 — cucremMa ¢ HICHTH(PHUKAIUCH

380 B. IIpunsTo, 9TO HEOOXOAUMO W ITOCTATOYHO IO-
Ka3aTh 3aBHCHMOCTH BIIMSAHHMA Ha TOYHOCTH OCTAHOBKHU
W3MEHEHHS HAMPSHKCHUS! TIPU CIEAYIOIIUX OTKIOHEHH-
X oT HoMuHanbHOro: 0%, +£2%, +£5%, +8%, +10%,
+12%. Pe3ynbTaThl MOJETUPOBAHUSA, IPEICTABICHHBIC
Ha PHC. 2, TIOKA3bIBAIOT, YTO M3MCHEHHUE HANPSHKCHUS
MUTAHUS CETH BJIMAET HA TOYHOCTH IMO3HUIIMOHHPOBA-
Hus. [Ipu yBenMuCHUM HANpPsDKCHUSI MUTAHUS HAOIIO-
JIACTCSI CMEIICHUE BCCH JIMHUM BBICOTHI MO3UITHOHUPO-
BaHUS C OTHOCUTEILHO IMOCTOSHHELIM IIIarOM, YTO T'OBO-
PHUT O HEKOW MPSIMOTPOIIOPIIHOHAIEHON 3aBUCUMOCTH.
Juist puc. 4 npUHATH cluenyromue o0o3HaYeHus: | —
rpaduK W3MCHEHUS TOYHOCTH TO3HIIMOHUPOBAHUS TIPU
Hanpsbkenud nutanus 334,4 B; 2 — toxe npu 342 B; 3
— toxe mpu 349,6 B; 4 — toxe npu 361 B; 5 — Toxe
mpu 372,4 B; 6 — toxe mpu 380 B; 7 — toxe npu 387,6
B; 8 — Ttoxe mpu 399 B; 9 — toxe mpu 410,4 B; 10 —
toxxe mpu 418 B; 11 — toxxe mpu 425,6 B.
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Puc. 4. 3aBUCHMOCTB NOTPELIHOCTH ITO3ULHOHUPOBAHHS OT

BEJINYMHBI HAIPSDKEHWUSI TUTAHUS IPU PA3IMYHBIX CTEIICHSIX

3arpy3KH KaOMHBI C HCTIOJIB30BAHUEM METO/a HACHTU(UKA-
MU
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U3 nony4eHHBIX TpadUKOB BUIHO, UTO TIPH U3Me-
HCHUH HAMPSDKCHUS MMUTAHUSA METON WICHTH(HUKAIMA
HenocTatouHo 3 dexruBeH. OMHAKO NPU HAXOXKICHUN
3aBHCHMOCTEH BIIMSHUS HAMPSHKECHUS MTUTAHUS HA pac-
YeThl BO3MOXKHA KOPPEKTUPOBKA TOYHOCTH ITO3HIIAO-
HUPOBAHMS C I€JbI0 YMEHBIIEHHs gMara3oHa OCTa-
HOBKH.

BriBoabI

Co3aHa IMHUTAIIMOHHAS MOJIENb IBYXCKOPOCTHOTO
JTU(TOBOTO 3NIEKTPOIIPHUBOJA ITO3BOJISAET ONPEACITUTH
3aBUCHMOCTh TOYHOCTH IHO3UIMOHUPOBAHUS OT CTeETIe-
HU 3a- TIOTPy3KN KaOWHBI Tu(TA.

Vcnonp30BaHue NMpeIOKEHHOTO METOJa HIEHTHU-
(dUKanuy B 3aMKHYTOH CHCTEME YIpaBJICHHS 3JIEKTPO-
NpUBOAOM JHdTa 0OecrneyrBaeT NOBBINIEHHE TOYHOCTH
€ro NO3NUOHUPOBAHUA.

JanbHeiimie WccienoBaHMS  IUIAHUPYIOTCS B
HaIpaBJIeHUH pa3pabOTKU CUCTEMBI YIIPaBIICHUS JJIEK-
TPONPHUBOAOM JIN(TA, KOTOpask MUHUMH3HPYET BIIHS-
HUE W3MEHEHUs HANpsDKEHHUS TNUTAHUS Ha TOYHOCTH
TTO3UIIHOHUPOBAHNS.
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AnHoTanust. O60CHOBAHO NpUMeHEeHUe HemblpeXnpueoOHOl CULOBOU YCMAHOBKU INEKMPUUECKO20 MPAHCNOPIMHOZ0
cpeocmsa. Paspabomana uMumayuoHHas MOOenb, YUUMbIEAOWds NOL0JCEHUe YEHMPA MAacc MpPAHCNOPMHO20
cpedcmea. Ilpogedenvi ucciedosanus ¢ yYeivlo NONYYEHUS 3ABUCUMOCU NOMPEeOAAEeMOl YACMOMHBIM NPUBOOOM
INEKMPUYECKOL MOWHOCHU O YACMOMbL BPAUEHUS 6A1a 08UAMENA U CO30ABAEMO20 UM MOMEHMA.

Kiro4eBble ¢JI0Ba: 1ab60pamopHblli cmeHo, npusooda 31eKmpomoouell, s3HepeemuyecKue XapaKxmepucmuxu,

MOOeNUposanue

Research of the energy characteristics of electric drives of electric vehicles

Olena Nazarova, Candidate of Technical Sciences, Associate Professor

Zaporizhzhie Polytechnic National University, Zaporozhye, Ukraine, e-mail: nazaroval6@gmail.com
Volodymyr Osadchyy, Candidate of Technical Sciences, Associate Professor

Zaporizhzhie Polytechnic National University, Zaporozhye, Ukraine, e-mail: w.osadchiy@gmail.com

Victor Brilistyi, Postgraduate

Zaporizhzhie Polytechnic National University, Zaporozhye, Ukraine, e-mail: 77vitya77@gmail.com

Annotation. The use of a four-drive power plant of an electric vehicle has been substantiated. A simulation model has
been developed that takes into account the position of the vehicle mass center. Research has been carried out in order to
obtain the dependence of the electrical power consumed by the frequency drive on the rotational speed of the engine shaft

and the torque generated by it.

Keywords: laboratory stand, electric vehicle drives, energy characteristics, simulation.

Beenenue. CoBpeMEHHOE COCTOSHHE MHPOBOTO
pPBIHKa  TPAHCIIOPTHBIX  CPEACTB  XapaKTepU3YeTCs
CYIIECTBEHHBIM YBEJIUYEHHUEM JIONH 3JIEKTPUUECKUX
tpancnoptHeix cpencts (OTC) B oOmem oObeme
npon3BoyicTBa. OIHUMH U3 OCHOBHBIX 3a/lad Pa3BUTHUS
OTC sBnsiercst yBenuueHue npodera 0e3 Noa3apsaaKu 1
yIy4LIeHHs ToKa3aTteyied 0€30MacHOCTH 1accakupoB 1
YCJIOBHH IEPEBO3KH IPy3a. Y BEIMUSHUE IIPOOEra MOXKeT
OBITH JIOCTHTHYTO KakK 3a CUYET COBEPIICHCTBOBAHUS
aKKaMyJISITODHOM Oaraper Tak ¥ ITyTeM ITOBBIIICHUS
9Heprod3(heKTHBHOCTH IEKTpoIprBoIa. bezomacHocTh
MacCa)KUPOB B 3HAYNTEIBHONW CTETIEHW 3aBHCUT OT
YIPaBIIEMOCTH TPAHCIIOPTHOTO cpeAcTBa. Iloatomy
AKTyaJIbHOW  MpPOOJEMOM  SBASETCS  IOBBIMICHUE
NOKa3aTelieil yrpaBiseMOCTH U 3HEProd(hpeKTUBHOCTH
OTC cpencrBamu snektpornpuBoa [1].

C LETIbI0 MaKCHMaJIbHOU peanuzanuu
MIPEUMYIIECTB 3JIEKTPONPHUBO/A, KAK OCHOBHOMN CHJIOBOH
YCTaHOBKH TPAHCIIOPTHOTO CPEACTBA, CPOPMYITUPOBAHBI
OCHOBHBIE TpeOOBaHMS K CHUCTEME aBTOMAaTHYECKOTO
YIIpaBJIEHHUs CHJIOBOM YCTAaHOBKH M K TPaHCHOPTHOMY
CPEICTBY: BBICOKME IIOKA3aTely YNPaBIIEMOCTH H
MIPOXOANMOCTH TPAHCIIOPTHOTO CPENCTBA; oOecrieueHne
MaKCHMaJIbHOTO YPOBHSI O€30IIaCHOCTH BOAWTENS U
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MACCAKUPOB, HAXOMIAMIMXCS B TPAHCIIOPTHOM CPEACTBE
U  Y4YaCTHUKOB JBW)XCHHA, MHHUMU3AHUA 3aTpaT
OHEPIMK B PA3IMYHBIX PEXKHUMax €34bl; COOTBETCTBUEC
HoKa3arelisi [IeHa/KayecTBO CIIOKHUBIICIHCS CUTyallun Ha
PBIHKE DIIEKTPOMOOHIIEH; SKOHOMUYECKH 00OCHOBaHHOE

HCIIOJIB30BAHUC QJICKTPONIPUBO/JIA u
MUKPOIPOUCCCOPHBIX CUCTEM  YIPABJICHUSA BMECTO
MEXaHHYCCKHUX y3-JI0B yYHpaBJICHUA MOMCHTOM;

MaKCHMaJIbHO BO3MOXKHBI y4eT B KOHCTPYKIHH
TPaHCIIOPTHOTO CPEJCTBA TPEOOBAHUI 1O KOMIIOHOBKE
3JIEMEHTOB HJIEKTPOTIPHBO/IA.

Ob6ocHOBaHME TpUMEHEHUS 4-X TPUBOIHON
CHJIOBOM YCTAaHOBKH CBOJUTCSI K BO3MOXHOCTH
KOHCTPYKIIMOHHON  peanm3anuu  4-X  IPUBOJHON
CHJIOBOM YCTAHOBKH; CHHOCOOHOCTH JaHHOM CHCTEMBbI Ha
BBIIOTHEHHE  BCEX  TpeOOBaHMM,  OTPaKAIOLINX
MaKCUMAJIbHYIO peanu3anuio MPEUMYIIECTB
JIEKTPONPUBO/A, Kak CUJIOBOI YCTaHOBKHU
COBPEMEHHOT'0 TPAHCHOPTHOIO CPEACTBA; TEHACHLIUU
COBPEMEHHOTI'O aBTOMOOMJIECTPOCHHS, Kak
MOJATBEPXKJACHUE PEATU3yeMOCTH U IMPaBUIbHOCTU
BEIOPAHHOTO PEIICHHUS.

BonpmmMHCTBO  MCClienoBaHM 1O BOIPOCY

SHEPreTUYECKUX XapPAKTEPUCTUK MPOBOAATCS B paMKax
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OTpaciii NPUMEHEHUsI IMPUBOJOB M HANpaBleHbl Ha
pa3paboTKy Mep IO CHWXKEHHMIO 3aTpaT dHepruu. Tak B
pabote [2] mpoBeIeHO UCCICIOBAHUE SHEPTETHUCCKIX
XapaKTEepUCTHK AIIEKTPOOOOPYAOBAHUS Ha
MaclOXMpPOBOM  TpeInpHATHH. B pesynbrare
MPEIUIOKEHBl MEphl N0 MOHHTOPUHTY W CHIDKCHHIO
motpebisiemoit sHeprum. B paborte [3] mpeacramieH
CPaBHUTEIIBHBIN aHAIN3 YHEProNOTPeOICHHS IPUBOIOB
B CHCTeMe BoOJOCHaOxeHHs. Pe3ympraT maHHOTO
HCCIIEIOBaHHUS TOBOPUT O TOM, YTO HEIOCTATOYHO
nMeTp mnpuBoj C Oomee BeIcokmM  KIIJ  mms
obecrieueH s pallOHAILHOTO MOTPEOICHHUS SHEPTUH.

Kacaemo Ttemaruku osnekTpoMoOmiel paboTh
[4,5] nocBsIIeHBI HCCIEOBAHUIO BIHSHUN PA3THMIHBIX
BHEIIHUX (PaKTOPOB (B YACTHOCTH — CTHJIb BOK/ICHHS)
Ha 9HEepProd((HeKUTBHOCTH IPUBOIOB MIEKTPOMOOHIIECH.

B paGore [6] mpoBemeHO MOAEIMPOBAHUE
sHepromotpebiaeHust nektpomobmss BMW i3 ¢
VIOBJETBOPSIONIMM  ypPOBHEM TOYHOCTH. JlaHHBIE
IUTAaHUPYIOTCS MCHOJIB30BATECS ULl YTOYHEHHUS 3ariaca
Xoza.

Hcxoms ©3 TIPOBENEHHOTO aHalM3a MOJKHO
C/IeNaTh BBIBO, YTO MCCIIEAOBAHUE TIPHUBOJIOB, C TOYKH
3peHUs] HHEPreTUYeCKUX 3arpaT, MMEEeT OTpacieBYIO
creuduKy, paccMaTpHBalOTCI B paMKax o00JacTH

MpUMEHEHHs U peako aduiupyroTcs. PaccMorpenue
BOIIPOCA 3aTparT SHEPrHH MPHBOJOB 3JICKTPOMOOHMICH
BCTPEYAKOTCS B HCTOYHHUKAX OIHUCKIBAOIIHKX,
XapaKTCPUCTHKH MIPOBOJIOB yKe CEpUITHBIX
TPAHCIIOPTHBIX CPECTB.

Marepuanbl uccjaegoBanus. s JOCTHXKEHUS
TTOCTaBJICHHOW IIeTN HEOOXOMMMO PEIIUTh CIIEAYIOIIHE
3amaun: onpeneneHne cTpykrypbl CAY pacmupeneneHus
MOMEHTOM; OIpEAETICHHE 3aBHCUMOCTH JOIYCTHMBIX
MOMEHTOB KOJIEC OT CKOPOCTH IBIDKEHHUS M pajiyca
ITOBOPOTa aBTOMOOMJIS; BBIOOP TATOBBIX BUTATENEH B
3aBHCHMOCTH OT KOHCTPYKIIMOHHBIX OCOOCHHOCTEH,
MOIIIHOCTHBIX MTOKa3aTeseH U SHEPreTUYCCKUX 3aTpar.

Crpykrypa CAY pacmpeneneHus KpyTsIEro
MOMEHTa 4-X TPUBOAHOM CHJIOBOM  YCTaHOBKH
npencrasneHa Ha puc. 1 [1], rne K, — nonoxenue

Ieaaly  akcelaeparopa, KB — IIOJIOKCHHE II€aain
TOpPMO32, @»s - Yroia II0OBOpOTa pYJICBOro KoJjeca,

Torque control system (TCS) - mukporporieccopHas
CHCTEMa yIIpaBJICHHs pacipezeneHneM MoMenTa; Drive
—anexrponpusox; Wheel — koneco. IToacucrema Drive
IpejicTaBlieHa 4acTOTHhIM npeoOpaszosareineM (FC) u
nsurarenem (Motor).
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Puc. 1. CtpyxrypHas cxema CAY pacnpeneneHus KpyTsIero MOMeHTa 4-X IPUBOTHOM CHIIOBOH YCTaHOBKH
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W3BecTHO, YTO HAUOOJIBIIICE KOJIMYESCTBO SHEPTUU
MOTPEOJIACTCA TPU PAa3rOHE TPAHCIOPTHOTO CPEZCTBA.
[MosToMy  &maHHBIA  peXUM  SBISETCS — Hamboiee
WHTEPECHBIM €  TOYKH  3pPCHHS  TOBBINICHUS
9Hepro3GHekTHBHOCTH. Iponecc pasrona
COTIPOBOXKIACTCA KaK JHHAMHYCCKHM H3MCHCHHUEM
3HAYCHUH MaKCHUMaJbHO JOITyCTUMBIX MOMEHTOB, B
CIICZICTBUM BIVSIHUS TIOJOKEHHS I[IEHTPa Macc Tak M
nuHamudeckuM n3MmenenueMm KII/I, koTopslil, o mMepe
YBEITMUEHU CKOPOCTH, CHadajla BO3pacTaeT (3a cueT
YMEHBIICHUS JIOTH oTepb, 00yCIIOBIEHHBIX
COTMPOTHUBIIEHUEM O0OMOTOK), 3aTeM, TIOCTe JOCTHKEHUS
MaKCUMyMa — YMCHbUIACTCS (38. CUCT YBCIIMYCHUA JOJIU
moTepb B MarHWTHOW cucreme) [1]. MunuMyMm
MOTPEOJICHNST SHEPTUU TMPH Pa3rOHE MOXKHO JIOCTHUYb
HAXOXKICHUEM TTOJIOKCHUS LEHTpa Mmacc,
CIOCOOCTBYIOIIETO, B 3aBUCIMOCTH OT KOHCTPYKIHH U
TUTIA TIPHUBOJIA, Hamnbomee MIPaBHIEHOMY
TepepactpeielICHHI0 CHJI C TOYKU 3PCHHS NTUHAMUKA
pasroHa, © ONpeAeleHHE TepPeNaToOYHOro YHCia,
obecrieunBaronero HaxoxkzaeHne wMakcumyma KII/]
BHYTpUM MHTEpBaJIa MEXIY HAdalbHOM M KOHEYHOU
CKOPOCThIO pasroHa. D dexkTuBHOE MONI0KEHHE IEHTPpa
Macc OIpeneNsieTcss MyTeM MOJAETUPOBaHMs pa3roHa
TPAHCIIOPTHOTO CPENICTBA C BAPHHUPYEMBIM TIOJI0KEHHEM
[EHTpa MAacC /ISl Pa3IMYHBIX THIIOB IPUBOJIOB
(epeHMiA, 32 THHH, TOTHBIHN).

TouHoe 3HayYeHHE TEPEAATOUYHOTO YHUCIA MOXKET
OBITH MOJTY9ICHO yTeM MaTeMaTHYECKOTO
MOJICITUPOBAHHUS MPOIIECCa Pa3roHa ¢ YIYETOM pealbHBIX
3aucumocteir KIIZI oT ckopocTn BpaleHusl Bajia
JIBUTATENSI 1 MOMeHTa Ha HEM. [ 3TOTO OBUT CO3MaH
mabopaToOpHOTO CTEHAA UL TOJYYEHHS YKa3aHHBIX
3aBUCHUMOCTEM.

HOqueHHble OKCIICPUMCHTAJIbHBIC JaHHBIC,
MO3BOJIAT YTOYHHUTH MOIECIIb 061)e1<Ta YIpaBJICHUA
(37EKTPONPUBO/T) C TOYKU 3PEHUSI 3aTPAT SHEPTUU, UTO
JAeT  BO3MOXKHOCTH  OMPENCIUTh  MCXAHHYCCKHC
mapamMeTpsl TPAHCIIOPTHOTO CPENICTBA M CHHTE3UPOBATh
CHCTEMY YIIPaBICHUS MHHUMH3ZHPYIOMIYIO 3aTpaThl
SHEPTUH MPH 0TPAOOTKE 3aIAFOIIETO BO3ACUCTBHS

Tabnwia 1 - Pe3ynbTaTsl MOICITMPOBAHHUS

Oz t,s Oz a, m/s?
3 6,84 6,10 5,52 3 4,30 | 4,80 | 5,30
. 2 6,49 579 | 525 2 4,50 | 5,10 | 5,60
4-drive
1 6,14 549 | 5,00 1 4,80 | 5,40 | 6,00
Ox 1 2 3 Ox 1 2 3
3 4,73 4,73 5,07 3 6,40 | 6,30 | 5,90
2 4,73 4,74 5,78 2 6,40 | 6,20 | 5,20
Rear
1 4,73 523 | 6,49 1 6,40 | 5,70 | 4,60
Ox 1 2 3 Ox 1 2 3
3 13,80 | 10,98 | 9,13 3 2,12 | 2,60 | 3,20
2 13,06 | 10,39 | 8,65 2 2,20 | 2,80 | 3,40
Front
1 12,32 | 9,81 | 8,17 1 2,40 | 3,00 | 3,60
Ox 1 2 3 Ox 1 2 3

B xoje onpenencHus 3pHEKTUBHOTO MOJIOKEHHS
LIEHTpa Macc pa3paboTaHa MaTeMaTH4ecKash MOJElb,
CTPYKTYypa KOTOpOil mpeacTaBieHa Ha puc. 2 [7].

Marematuueckoe MOJIETUPOBAaHUE IIPOBOIMIOCH
MPU TaKWX HavyaJbHbIX ycaoBusax: Macca TC — 1730 kg;
6aza TC — 2,875 M ; koapPpUIHIEeHT a3pOIMHAMUIESCKOTO
conporuBienuss — 0.25; koadduuueHT TpeHus c
moBepxHOCTEIO — 0.8; paguyc koneca — 0.334m ; s 4-
x npuBoaHoro TC 3HavYeHNe MaKCHMalIbHOTO MOMEHTA
I Kaxxzgoro u3 koimec — 925 N-m, mig 3amHero
mpuBoaa — mo 1850 N -m Ha xakmoe W3 3aJHUX KOJec
U Ut iepenHero npuBoaa — mo 1850 N -m Ha xaxmoe
13 TIEpeJHNX KOJIec.

IIpoBeneHO  KOMIIBIOTEPHOE  MOEIHMPOBAHHE
pasrona ot 0 mo 100 km/h co 100% maxkaTrem memamm
akcenepartopa Uil 9 pa3NuyYHBIX IOJIOKECHUH IIEHTpa
Macc M 3-X pas3nuuHbIXx mpuBOMOB [8]. PesympraTh
JMHAMUKY Pa3roHa OTpakeHbl B Ta0. 1.

PesynbraTsl MOAEIMPOBaHUS TIOKAIM, YTO TOJHBIN
MPUBOJ, CO CMEUIEHHBIM BIIEPEJ LEHTPOM Macc
SIBIISIETCSl Haubojee TPEANOYTHTENEHBIM C  TOYKH
3pEHHNs pacTpeleNIeHns] peakuii Orop, BIAUSIOMNX Ha
6e3omacHOCTh 1 yrpasisgeMocTs TC. YdeT nomydeHHbIX
pesynptaroB B CAY TC mno3Bonsder onpenenuTsb
Hauboiee 3(p(peKTUBHBIA THIT IPHUBOJA B 3aBUCHMOCTHU
OT MaccorabapuTHBIX IIOKa3aTeNeH, YTO MO3BOJIUT
0oiee TOYHO ONPEAETUTHh 3aJaHHBIA OIMYCTHUMBII
MOMEHT Ha IPHBOJIC.

Jnst onpenenenust 3aBucumoct KITJ[ oT Texymmx
3HA4YEHUH CKOPOCTH M MOMEHTa, pa3pabdoTaH CTEH,
cocroauii u3  3-X TOACHUCTEM:  YIpaBJICHUS,
MEXaHMYECKOM M U3MEPHUTENBHOM (puc 3).
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Puc. 3. CtpykTypa CHIIOBOH YacTH CTeHAa

SINAMICS G120

[ToncucremMa ynpaBieHus BKJIIOUAET JBAa YACTOTHBIX
npeobpazoBatenst pupMbl SIEMENS U BCTOMOTraTeIbHOE
000py/I0BaHKEe, OCYNICCTBISIOIINE CBS3b YaCTOTHBIX
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npeoOpa3oBatesiell ¢ MEXaHMYECKOW MOJCHCTEMON U
OpraHaM¥ Py4HOTO YIpaBJICHHUSI.

[Iporpammuoe obecrieueHne MIOJICHCTEMBI
yIpaBlieHUs] HAMMUCAHO B cpele pa3paboTku Siemens:
Step7, TIA Portal, STARTER. Ha puc. 2 noacucrema
COCTOMT M3 dJIEMEHTOB: 1,2 u 3.

Mexannyeckasi TOACHCTEMa COCTOMT W3 2-X
JIBUTaTENe MOMHOCTHIO 1,1 KBT KakpIit ¢ 3y09aThiMu
KoJIecaMt Ha Basax, 3y04aToro peMHH,
OCYIIECTBIISIONIET0 MEXaHUIECKYIO CBSI3b IBUTATENCH, 1
y311a u3MepeHust MoMeHTa (6), BKITIOYAIOIIero B ceds 1Ba
3y04aThIX KOJIECa, OCH KOTOPBIX )KECTKO CBSI3aHBI MEXKIY
co00ii 1 Yepe3 TEH30METPUYECKHH JAAaTUUK KPEMsATcs K
OCHOBAHHUIO.

WsmepurensHas moncucrema cocroutr u3 PLC
Siemens CPU 315DP skmouaromiero B ce6st MOIyJb
SIWAREX U, obpabaTsIBaromuii curHal ¢ gatauka (6),
a Takke BombTMerpa (7) m ammepmerpa  (8),
M3MEPSIONINX HaNpsDKEHHE M TOK 3BEHA ITOCTOSHHOTO
toka [TH uccnenyemoro npusoaa.

OnucaHHBIII  CTEHA  MO3BOJISIET  OMPENENUTH
3aucumocTtb KI1/] uccnenyemoro npuBoaa OT CKOpOCTH
BpallleHHs Bajla © MOMEHTA COTIPOTHBIICHHSI.

C LETIbIO MOJTy4ECHUS SHEepPreTHYECKON
XapaKTePUCTHKHU HCCIIeAYyEeMOro Np1Boga pa3paboTaHa u
coOpaHa MeXaHWYecKass 4YacTh CTEHJa, KOTopas

MOCPEICTBOM PEMEHHOH TTepeAavr MO3BOJISIET CO3/1aBaATh
Ha wWccrenyeMoMm aBuratene  (4), ¢ TOMOIIBIO
Harpy304Horo (5), KpyTAIIUiA MOMEHT U HU3MEpSTh
BO3HUKAIOIIEE YCHIIHE C TOMOIIBI0 TEH30METPHIECKOTO
JaTyrKa CUiel (6).

B xozme skcriepuMeHTa BHaJaie MPOU3BOHICS
CHHXPOHHBIA Pa3rOH HCCICAYeMOTO0 W HArpy304HOTO
MpUBOAOB, 3aTEM C IMMOMOLIBIO YMCHBIICHUA 3HAYCHUA
3aJaHHOM  CKOPOCTH  BpallleHWs  Harpy304HOIro
JBHUTATEIs CO3/ABAJICS MOMEHT COMPOTHBJICHHS IS
HCCIIEAYEMOTO TIPUBO/IA.

Tabuna 2. DKCrepUMEHTAIbHBIE JaHHBIE IS
yrioBoii ckopoctr = 1500 06/mMuH

L\J/' pc:f nt A-IC-Z’P NT-fn L& | bl vae\E/Ch’ on,
600 10 13613 0,13 0,50 300,00 20,10 0,07
600 15 18770 1,23 0,75 450,00 193,02 0,43
600 20 22650 2,06 1,00 600,00 323,13 0,54
600 25 26583 2,90 1,25 750,00 455,01 0,61
600 30 30264 3,68 1,50 900,00 578,45 0,64
600 35 33564 4,39 1,75 1050,00 689,10 0,66
600 40 36944 511 2,00 1200,00 802,44 0,67
600 | 45 40129 | 5,79 2,25 1350,00 | 909,25 0,67
600 | 50 43112 | 6,43 2,50 1500,00 | 1009,27 0,67
600 55 46140 | 7,08 2,75 1650,00 | 1110,81 0,67
600 60 49245 | 7,74 3,00 1800,00 | 1214,93 0,67
600 65 51830 | 8,29 3,25 1950,00 | 1301,61 0,67
600 70 54572 | 8,88 3,50 2100,00 | 1393,56 0,66
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W3mensist MOMEHT COIPOTHUBJICHUS,
YCTaHAaBIUBAINCh 3HAUEHUS TOKa, KpaTHele 0,25A
VYka3aHHble AEHCTBHS BBIIOJIHINCH JUISI CHHXPOHHBIX
yacToT Bpatienus ot 500 no 2250 06/MuH ¢ marom 250
00/mMuH. B Tabn. 2 npuBeneHsl pe3ysbTaThl H3MEPEHUH
JUTSL CHHXPOHHOH CKOpocTH, paBHOM 1500 06/MuH.

Tabnuma 3. MaTepnommpoBaHHbIE
9KCIIEPUMEHTAIILHBIE JaHHBIE T YIJII0OBOH CKOPOCTH

1500 06/muH
UV | M,Nm 1A Pel, W | Pmech, W | m,oe.
600 0,5 0,58 350,66 78,50 0,22
600 1 0,70 418,75 157,00 0,37
600 15 0,83 498,97 235,50 0,47
600 2 0,98 589,47 314,00 0,53
600 2,5 1,13 678,90 392,50 0,58
600 3 1,28 769,43 471,00 0,61
600 3,5 1,44 864,82 549,50 0,64
600 4 1,61 967,17 628,00 0,65
600 45 1,79 1073,02 706,50 0,66
600 5 1,96 1175,50 785,00 0,67
600 55 2,14 1285,75 863,50 0,67
600 6 2,33 1399,12 942,00 0,67
600 6,5 2,53 1516,58 1020,50 0,67
600 7 2,72 1632,55 1099,00 0,67
600 75 2,91 1746,08 1177,50 0,67
600 8 3,12 1871,07 1256,00 0,67
600 8,5 3,34 2003,65 1334,50 0,67
600 9 3,55 2132,96 1413,00 0,66
600 0,5 0,58 350,66 78,50 0,22
600 1 0,70 418,75 157,00 0,37

Jns ynoGcTtBa TpOBEACHUS OKCIEPUMEHTA Iar
Harpy3ku ObUT BBIOpaH — 5 JeneHWd ammepMmerpa,
OJIHAKO JUISl TIONyYEHHsI KOPPEKTHOM DHEPreTU4ecKOon
XapaKTePUCTHKH HEOOXO0UMO TIPOBECTHU
WHTEPIOJLINI0 3HAYCHUH TOKOB C (DPUKCHPOBAHHBIM
oIaroM MO0 KPYTAIIEMY MOMEHTY H  IepecuuTaTh
napaMmerpsl MomHOCTed u auHamudeckoro KIIJI.
Pesysprar npuBesieH B Tadiuie 3.

BeiBoabl. IlonHbld mpuBOA CO  CMEUIEHHBIM
BIIEpEe] IIEHTPOM MacC JOCTHras ONM3KUX 3HAUYCHHH K
JydiieMy — pe3yjibTaTy — JUHAMHKH  PasroOHAa U
obecrieunBas MpH 3TOM Ha mepeaHeit ocu okomo 60%
Beca TC smBisercs HamOosee MPEANOYTUTENHLHBIM C
TOYKH 3pEHUsS YIPaBIsIEMOCTH, O€30MacHOCTH U
3¢ (GEKTUBHOCTH  HCIOJIB30BAHUS  MaccorabapUTHBIX
TOKa3aTesen Mpu pa3roHe.

Pa3paboTaHHbIl 1a00paTOPHBIA CTEH/ MO3BOJISIET
MTOJYYUTh MATEMAaTHUECKYI0 MOJEIb JJICKTPUYECKOTO
YaCTOTHO-YIPABISIEMOr0  MPHBOJA,  YYHUTHIBAIOIIYIO
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HenoctostHcTBO  KIIJ[  nmBurarens, oOycnoBieHHOE
nepepacnpeeIeHieM ANEKTPUUECKUX u
3JIEKTPOMArHUTHBIX MOTEPb MPU YBEIUUYEHUU YACTOTHI
BpaIIeHHUs pOTOpa.

Ucnonp3oBanne  moMyyeHHOW  Ha  CTEHIE
3aBHCUMOCTH TOTPEOIIIEMOI IPUBOIOM DIICKTPUIECKON
MOIITHOCTH OT YTJIOBOH CKOPOCTH M MOMEHTA JIBUTATEIIS
MTO3BOJISIET JJIsI KOHKPETHOTO PACIIONIOKCHUS IIEHTpa
Macc 3JEKTPHYECKOTO TPAHCIIOPTHOTO CPENCTBa HAMTH
3HAUEHUs] MOIIHOCTEN ABUraTelied W MNepelaTOYHbIX
yhcesl peAyKTOpOB IepeiAHed M 3agHell  ocw,
o0ecneyrnBaroIX MUHUMAIEHOE TIOTPEOJICHUE SHEPTUH
npu paszrode ot 0 1o 100 km/uac 3a 3agaHHOE BpEMsL.
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Peanuzanus ajropurMa pacuera MEXaHUYECCKUX XaPAKTEPUCTUK MHOTOABUTaTC/JIbLHOI0
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AHHOTAIMSL. B COBpeMEeHHbIX YCIOBUAX NOCMOSHHO ROGBIUAIOMCS Mpebo8aHuss K IHepeodIPdekmueHocmu u
IKCIIIYAMAYUOHHBIM XAPAKMEPUCTIUKAM INIeKMPONPU0008. B MHO2008UcamenvHbIX 31eKmponpueo0ax MexanuzmMos
nepeosUNCeHUsL KPAHOB U PellbCOBbIX MPAHCHOPMHBIX CPEOCME C ACUHXPOHHBIMU 08ULAMENAMU C (PAZHBIM POMOPOM HA
peuienue 3mux 3a0ay HAnpagieHvl UCHOAb308AHUE PENCUMA OUHAMUYECKO20 MOPMOICEHUs C CAMOBO36YICOeHUEM,
makdice obecnedenue CUNXPOHUIAYUU YACMOm epawenusi pomopos. IIpasunvbhas SKCNAyamayus 1eKmponpueo00s
HeB803MOJICHA Oe3 3HAHUSL MeXAHUYyecKux xapakmepucmux ogucamenei. OOHAKO UCHOIb3YeMble Memoobl paciema
XApakmepucmux HeoOCMamo4Ho MOYHbl UIU YCMapenu, 4mo 00yClaéiusaem UHmepec K npumMeHeHuio 6 pacuemax
COBPEMEHHBIX NAKemo8 NPUKIaoHbix npozpamm. Llenv pabomel cocmoum 6 KOMRbIOMEPHOU Peanu3ayuu aneopumma
PACUEMO8 MEXAHUHECKUX XAPAKMEPUCMUK 8 pedcume OUHAMUYECKO20 MOPMONCEHUS. C CaMO8030VcOeHuem Osl
MHO2008U2AMENILHO20  INEKMPONPUBOOd € CUHXPOHU3AYUCI YACMOM  6PAUWEHUsl ACUHXPOHHLIX Ogueamenei ¢
INEKMPUUECKOL CESI3bI0 POMOPOE NO Yenu GbINPIMIEHHO20 MoKa. B pesyibmame pabomsi nomyuena cmpykmypHast
ANOPUMMUYECKASL MOOEIb, NO380JIAIOUASL KOPPEKMHO GbINOJIHAMb MAKUe pacyemsl ¢ ucnoavzoganuem nakema Matlab.
Modenv uckmouaem epaguueckue onepayuu npu yueme cmeneHu HAcvlujeHus ogueamenell, nO380NAEM YUUMbleamb
napamempvl CmMamopHvlX 0OMOMOK U GIUAHUE HASPY30K 63AUMOCEA3AHHBIX NPUBOOHLIX Ogucamenei. Pezynomamol
meopemuiecKux Uccied08anull NOOMBEEPAHCOCHbL 8 X00e IKCNEPUMEHMA.

KaroueBble CJI0BA:  MHO2006USAMENbHBIL — ACUHXDOHHBIL  SAEKMPONPUBOD;  OUHAMUHECKOE MOPMONCCHUEC C
CamososoyxHcOeHUeM, KOMRbIOMEPHOE MOOCTUPOBAHUE, MEXAHUHECKUE XAPAKMEPUCIUKU.

Implementation of the algorithm for calculating the mechanical characteristics of a multi-motor
asynchronous electric drive in the dynamic braking mode with self-excitation

Vira Shamardina — Candidate of Technical Sciences (Ph. D.), Docent/Professor, National Technical University
"Kharkiv Polytechnic Institute”, Kharkiv, Ukraine; e-mail: verascha@i.ua.

Kateryna Zemtsova — student, National Technical University "Kharkiv Polytechnic Institute”, Kharkiv,
Ukraine; e-mail: zemsoval702@gmail.com.

Annotation. In modern conditions, the requirements for energyefficiency and performance of electric drives are
constantlyincreasing. In multi-motorelectric drives of mechanisms for the movement of cranes and railvehicles with
asynchronousmotors with a phaserotor, the use of a mode of dynamic braking with self-excitation and
ensuringsynchronization of the rotational speeds of the rotors is aimed at solvingtheseproblems.Correctoperation of
theelectric drives is impossiblewithout knowledge of the mechanicalcharacteristics of the motors. However, the
methodsused for thecalculating, the characteristics are not accurateenough or outdated, whichdetermines the interest in
the use of modern software packages. The purpose of the work is to implement a computer algorithm for
calculatingmechanicalcharacteristics in the dynamic brakingmode with self-excitation for a multi-motorelectric drive
with synchronization of the rotational speed of asynchronousmotors with electricalconnection of the rotorsalong the
rectifiedcurrentcircuit.As a result of the work, a structuralalgorithmicmodelwasobtained, whichallows to
correctlyperformsuchcalculations using the Matlab package. The modelexcludes graphic operationswhentakinginto
account the degree of saturation of the motors, allowstakinginto account the parameters of the statorwindings and the
effect of loads of jointlyoperating drive motors. The results of theoreticalstudieswereconfirmedduring the experiment.
Keywords: multi-motorasynchronouselectric drive; dynamic braking with self-excitation; computer modelling;
mechanicalcharacteristics.

Beenenune. Dnexrponpusoabl (OI1) Ha 0aze M03BOJISIET yMEHBLIUTh ero rabaputel, a B OII
ACHMHXPOHHBIX JBUTaTeneld ¢  (asHbIM  POTOPOM NMEPEABIKEHUA  I'PY30IMOABEMHBIX  KPaHOB WM
(AI®P) JIOCTaTOYHO 4acTo BBIIIOJIHSIOTCS PENBCOBBIX TPAHCIOPTHHIX CPEACTB - CYILIECTBEHHO
MHorozBurateabHeIMU. B OI1 Gosnbioi MomHoCTH 3TO YIPOCTUTh KMHEMATHUYECKYIO0 CXEMy MEXaHH3MOB. B
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TaKMX [PUBOJAX  JABWUTAaTeNM  JODKHBI  HUMETh
UJCHTHYHBIE TapameTpbl. JloCTHUB 3TO  CIIOXKHO,
MO3TOMY JaXKe IPU OJUHAKOBOM Harpyske Hem30exHbI
paccoriacoBaHMs 4acTOT — BpallleHHs TPHUBOIHBIX
JIBUTaTeNIel, 4TO MPOSABISAETCA B PhIBKaxX U IepeKocax
KOHCTPYKIIMM  MEXaHU3MOB TP  JABWXKEHHMH, B
OYKCOBaHMM XOMOBBIX KOJIEC, IPEKICBPEMEHHOM
BBIXOZIE M3 CTPOSI OJHOTO W3 JABHTATeNeH, B HM3HOCE
pebopn Kojec, penbCOBBIX MyTeH | pa3pyIICHUH
METaJUIOKOHCTPYKIUH TPAHCIIOPTHBIX CPE/ICTB.

B wmuoroapurarensHeix OIl Ha 0Oaze AJIDP
ITyCKOTOPMO3HBIE IIPOLIECCHI CONPOBOXKIAIOTCS, Kak
MPaBMWJIO, BBICOKAUM  PAacXOAOM  BICKTPOIHEPTHH.
[TosToMy, pemas 3amady CHHXPOHM3AallMM YacTOT
BpallleHHs JIBUraTeiel, 1ei1ecoo0pa3Ho o0ecrednTh
moBbIieHne  dHeproaddexrusHoctn Ol  [1,2].
IIpumepoM peanu3anuu Takoro IOAXOJa  MOTYT
CIIy>)KUTh BBIIIyCKa€Mble INPOMBIIUIEHHOCTHIO IaHENIN
116502, npennasHaueHnHsle 11 ynpaienus AJIOP B

MHOI'OJABHUI'aTCIIbHBIX oIl KPaHOBBIX MCXaHU3MOB
noasEMa n NEPCABUIKCHUSA C YHpaBJIsAECMbIM
MaroiuTHBIM KOHTPOJJIEPOM C JUHAMHUYCCKHUM

TopMoxkeHHeM ¢ camoBo3Oyxaenuem (JJTC) CMK/-
AJI® [3]. Pacuer mexanmdeckux xapakrepucTuk (MX)
B pexxume [TC mnsa Takux maHenei BBIMOJHSETCS IO
u3BecTHOM Meromuke [4,5], Oasupyromeiics Ha
JOMYHICHUAX, YTO OI1 OHHOHBHFaTeHBHBIﬁ, IIUTAaHHUEC
OOMOTKH CTaTopa OCYILIECTBISIETCS OT HE3aBHCHUMOTO
HMCTOYHMKA IMOCTOSHHOIO TOKa, BIUSHHE MapaMeTpoB
CTaTOPHOW OOMOTKHM HE Yy4HuThIBaeTcsa. Meroauka
MIpEAroiaracT  BBINOJHEHHE  TpadoaHATUTHIECKUX
oliepalyii, Tpyl0eMKa M HE YYUTHIBAET OCOOEHHOCTEH
B3aMMOCBSI3aHHOTO MHOroBUrarensHoro OI1.

Hens paGoTbl COCTOUT B  KOMIBIOTEPHOMH
peanuzamuu anroputMa pacdetoB MX B pexmme TC
Juisi  MHoronBuratensHoro OIl ¢ cuHXpoHM3aNHeH
4acToT BpallleHUs AJIOP, obecneunBaeMon
SIEKTPHUECKOW  CBA3BI0  pPOTOPOB IO IIeNH
BBINPSMIIEHHOTO TOKA.

H3n0:xxeHne ocHOBHOro Mmarepuana. B nenom

paae CXEMHBIX pCIICHUA B KayecTBe 0a30BOM
HCTIOB3YeTCS cxeMa ACHHXPOHHOTO
MHoroasurareiabHoro Ol ¢ 3JIeKTpU4ecKor CBSI3bIO
pOTOpOB o LEnH BEITIPSMIICHHOTO TOKa,
TIpeCTaBIICHHAS Ha  puc.l. OnxHOBpEeMEHHOE
BKJIFOYEHHNE BCEX IBHUTATENEl M1, M2, ..., M,
MEXaHW3Ma W  PaBHOMEPHOCTb  paclpeieicHUs

HArPy3KH MEXAy HHUMH OOCCIICYMBACTCA TEM, YTO

MEPEeKTIOYeHNe B IEMsIX CTaTOpOoB W POTOPOB
OCYIIIECTBIIACTCS oomuMu KOMMYTHPYOIIAMH
amnmapataMd, a pPOTOPHBIC OOMOTKH 3JICKTPHYCCKU
CBsA3aHBI ~ MEXAy  coboi  dYepe3  TpexdasHbie
BeIpsMUTENbHBIE MocThl UZ1, UZ2, ..., UZn,
BKIIFOYCHHBIE HAa  OOMMIA  IyCKOPETYIUPYIOMIUN

pesuctop Ry Hua peammsamun  pexuma ATC,
HCIIOJIb3YETCS BBIIPSIMIIEHHBIH TOK POTOPOB, BEJIMUMHA
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KOTOpPOTO OIIPEAEIAETCS 3HAYEHHEM CONPOTHBICHUS
Rdm, KOTOpOE WIYHTHpPYET OOMOTKHM CTaTOpOB IIpH
TopMoxeHHHU JBurareneit. JlonomaurensHo 11 moxer
UMETh y3eJl IOANUTKH (Ha CXeMe He IOKa3aH).

B pexume JATC mapaMeTpbl cXeMbl 3aMeEILEHUs
AJI®OP 3aBHUCAT OT CTENEHU HACBHILIEHUS MarHUTHOM
CHCTEMBI, OIpeensieMoil 0 KpUBOI HaMarHUYMBaHUS
(KP). B pacuerax llemecooOpa3Ho mpencTaBUTh
yHuBepcaiibhyto KP kpaHoBeix AJl  aHanuTHUYECKOM
3aBUCHMOCTBIO, TIONyYEHHOW C  HCIIOJIb30BAaHHEM
METO/1a HANMEHBIIINX KBaJPaToB:

12 , 1)

/0,456 +i2

rae X, — OTHOCHTENBHOE PEaKTUBHOE COTPOTHBIICHHE
HaMaranunBanus (6asosoe - X, );
I,,— OTHOCUTENbHBIA TOK

oOMoTKH cTaTopa (6a3oBeli - 1, ).

X, = 0,0066 +

HaMaronu4muBaHUA

n/

Nb\ﬁ

U|Z1

4%7

Rd— Rou
J
Puc. 1. YnpornienHnas cxema CUJIOBBIX 1LieTiel
0a30BOr0 MHOT'OJIBUTATEILHOTO JIEKTPOIPUBO/IA

I[Ipu pa3paboTke CTPYKTYpHOW MOAETH IS
pacyera MX 3a OCHOBY NpPHUHSATBI COOTHOIICHUS [6],
MOJIyYEHHbIE B pe3ynabTare MpeACTaBICHUS
MHOTOCBS3HOTO N-mBurarenbHoro DIl ogHOCBI3HOIM
cuctemoii u [-oOpasHoif cxemol 3amemieHus. B
OTHOCHUTEIIbHBIX CIWHHUIAX pPACUETHBIC 3aBUCHUMOCTHU
st MX v-ro AJ] umMeroT BUa:

o-(r, +R
Sv — - ( rv ev) : (2)
IEV'GZ' 2

(| )2 = _(st +O-'Xlrv)2 -
rv
i

o uv
Il’v -

\/Kfv.Kfl_%—z-(xsv+a-x'rv)2/(az~xw) @)
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(i,)" (r, +R.,)
5 ,

14

H, =
(4)

rae Sy, Wy, — CKOJIBXEHUE U TOPMO3HOM MOMEHT V—TO
JIBUTATEIIS,

Xsvy Fsy— MHIYKTUBHOE M aKTUBHOE COMPOTHUBJICHHE
CTaTOPHOW OOMOTKHU V—TO JIBUTATEIIS;

X'py  F'wm, Iw — UWHIYKTUBHOE, aKTHUBHOE
CONPOTHBIICHUE W TOK POTOPHOH OOMOTKH V-TO
JBUTATEIS, IPUBEICHHBIC K CTATOPHON 00MOTKE;

Xuv — PEAKTUBHOE COIIPOTUBIIEHUE KOHTYpa
HaMarHWYMBaHUS

i,y — TOK HAMarHHYMBAHMs OOMOTKH CTATOPA;

0 — KO3QOUIMEHT pacCeHUBaHUS MAarHUTHOIO
MOTOKa;
R’., — TpUBEIEHHOE K CTAaTOPy SKBUBAJIEHTHOE

CONPOTHUBJIEHHE POTOPHOW LIENH, KOTOPOE 3aBHUCHT OT
TOKOB HArPy3KH B3aHMMOCBSI3aHHBIX POTOPOB AJ;

Kj— cxeMHbIIA KO QHUIHEHT, OH YYHTHIBACT YHCIIO
NPUBOAHBIX  JBUratelied; KOI(PQUIMEHTHl  CXEMBI
BBINIPSIMIICHHS, TpaHchopManum JBHTATEIS,
LIyHTHPOBAHUS BBIIPSIMUTEIS, MIPUBEICHUS
MIOCTOSIHHOTO TOKa BO30YXKIEHUS K JKBHUBAJEHTHOMY
Tpexda3zHOMY TOKY,

Ky — KO3(hQHIUEHT, Y4YUTBHIBAIOIIUA HArpy3Ky
B3aMMOCBSI3aHO paboTaroNX MTPUBOTHBIX AJl.

Ha puc. 2 mpexacrasiena crpykrypras Simulink-
Mozenb B cpene Matlab, xoropast comepxxut 6ok
OlpeieNeHus PEAKTHBHOTO  CONPOTHBICHUS Xy
KOHTypa HaMarHWYWBaHUS, a TaKKe  I03BOJISIET
BBITIONIHATh HEOOXOJMMBIC pacyeThl AJsl TOCTPOCHHMS

MX B COOTBEeTCTBHM C 3aBHCHMOCTAMH (2)-(4).
Hcxonuple nanuble npuBomHbIX AJl dopmupyrores B
m-—daiize.

IlosBIeHWE  TOPMO3HOTO  MOMEHTa,  T.C€.
CaMOBO30YXKIICHHE  JBUTATENs, IPOUCXOAUT  TIPH
BBITIOJTHEHUH YCIIOBHSI:

K K> 2 +(x, +ox,) i+2~(xsv+o--x”,) (5)
a H UZ'XZ 02 O'Z'X !
uv uv

KOTOpOE MOKAa3bIBAaET, YTO CaMOBO30Y)KICHUE 3aBHCUT
OT MapaMeTpoB OOMOTOK U Harpy30K IpUBOIHBIX A/l .
Ecnmn  mpeneOpeub mnapameTpamMH — CTaTOpPHOU
obMoTKH (o0ImenpunsToe aomnyieHue X,=0, ry,=0),
noyyuM KpuByto 2 (puc. 3) 3aBucumoct K Ky=f(i,),
KOTOpasi TMPOXOJUT 3HAYUTENBHO HIKE KpUBOH 1(
X720, r7#0), B 00JacTH HACHIIIEHHOTO COCTOSHHS
MAIllMHbI, TPH KOTOPOM OCYILIECTBIISICTCS TEPEX0] B
pexxum JITC. Takum oOpa3zom, pu ydeTe mapamMmeTpoB
CTaTOPHBIX OOMOTOK (hakTHUeCKH 00JIACTH Camo-
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Dady
e ¢

Puc. 2. Simulink-mozens amnst pacuera MX
MHOTOJIBUTATENEHOTO aCHHXPOHHOTO JIT

BO30yXIeHUs NpUBOAHBIX AJl  MeHblle, 4eM IpHU
X»=0, r,=0. B xonme nmpoekrupoBanus KpaHOBbIX JI1
9TO OOCTOSITENBCTBO HEOOXOJMMO YYHMTHIBATh MPHU
BEIOOpE ITaPaMeTPOB OT/AENBHBIX DJIEMEHTOB.

KKy

iu
Puc. 3. O6macts camoBo30yxneHust AJlDF
B MHOT'OABHUTAaTCIBHOM 3HeKTpOHpHBO}1€

1-c yuerom X, [y, 2 - Ge3 YHCTA Xovy Fov.

Pesymbratel  pacueroB  MX < mnms CXeMBI
JBYXJBHUTATeIbHOTO acuHxpoHHOro OII (puc.l) ¢
WCIIONIb30BAaHUEM  CaMOBO30YXK/IaeMbIX  JBUrareiei
MTF 312-6 npusenensl Ha puc. 4. Pacuersl
mpuseneHsl 1t Ry=0 mpu K,,=0,6; K,=0,8, a Taxxke
it Ry =0,50m mpu  K,,=0,5; K;,=0,8; Ki=1,0. 31ecs

Ku - KOd(PHUIIHEHT ITYHTHPOBaHUS
BEIIIPSIMUTENICH B IIEMTH POTOPOB, 3HAUEHHE KOTOPOTO
oTIpeneNsIeT BEIWYHHY BBHINIPSIMICHHOTO HAIPSHKCHUS,
IIOJIaBaéMOT0 Ha CTAaTOpPHBIE OOMOTKH [IBUTaTeled B
pexxume JITC.

:7Rdm ’ (6)
Ry, +T.

e sn

w
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Puc. 4. Mexannueckue XapakTepUCTUKH
JIBYXJIBUTATEIBHOTO 3JIEKTPOIIPHBO/IA C
IIEKTPUIECKOH CBA3BIO POTOPOB

rae s, — TIOJNHOE CONPOTHBICHUE MApaIICIBHO
MTOIKITIOYEHHBIX K Ry CTATOPHBIX OOMOTOK B peXHMe
ATC.

OKCHepUMEHTANbHbIE  UCCIEAOBaHUS  ObUIM
NPOBEICHBI HA MEXaHMW3MeE IMOJ’beMa MOCTOBOTO KpaHa
rpy3onoaseMHocThio 10 T, koHTposutep Tuna KKT-65,
meuratens MTF312-6. Pacuerneie MX B pexume
ATC, nony4yeHHsie 1Mo cooTHOIIeHusM (2)-(4), ObuH
COIOCTABJEHBl C OJKCIIEPUMEHTAJIBHBIMU JUIS TpeX
3HaueHMH Beca rpy3a. CumTas JOCTOBEPHBIMHU
Ppe3yIabTaThl 9KCIIEPUMEHTA, orpeesneHa
OTHOCHTENbHas TOTpenrHocTs pacderoB  — 3%,
abcoroTHAs MOTPEIIHOCTh — <7%. 3t0
CBHJICTENBCTBYET 0 xopouren CXOJMMOCTH
TEOPETHYECKUX U IKCIIEPUMEHTAIILHBIX UCCIICIOBAHUI.

O06cy:xnenue pe3yjbTaToOB.

Paspa6orannas Simulink-monens mmast pacuera
MX 103BOJISIET CYIIECTBEHHO YIPOCTUTH
BBIYMCIIUTENBHBIC MPOLIECCHI PesynbraThl
MO/JIETUPOBAHMSI TIOKA3bIBAIOT, YTO YYET IapaMeTpoB
CTaTOPHBIX OOMOTOK Xy H ry, oOecrieunBaeT
MOBBIIIEHUE TOYHOCTU pacueToB MX nsuratencii B
pexume JITC, a Ha dTanme NOPOEKTHUPOBAHUS —
WCKITIOYEHHE  OMMOOK TpH  BHIOOPE  CXEMHBIX
MapaMeTpoOB MHOTOIBHIATEIFHOTO  3JIEKTPONPHBOA
Kz Kg, IpH KOTOPBIX TapaHTUPOBAHO 00ECHeUnBaACTCA
HaJIe)KHOE CaMOBO30YXK/ICHUE TPUBOIHBIX JIBUTATEIICH.

BroiBoabl

IMomydyeHa  CTPYKTypHas  aJrOPHUTMHYECKAs
MOJIeITb, TO3BOJISIONIAS C HCIOJL30BAHHEM [MAKETa
Matlab paccuuteiBate MX B pexkume JTC s
MHOTO/IBUTATEIHLHOTO ACHHXPOHHOTO ol c
INEKTPUYUECKON CBSI3BIO 110 1M BBIMPSIMICHHOTO TOKA
POTOpOB.

Hcnonp30BaHne MOAETH TTO3BOIISIET MPH pacueTax
MX  uUCKIIOYATH HE  OTJIMYAIONIAECS  BBICOKOU
TOYHOCTBIO Tpad)OoaHATMUTUYECKHE  OINepaluu yd4era
crereHn HachleHus A J[DP.
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Monens MIO3BOJIIET YUUTHIBaTh [AapaMETPhI
CTaTOPHBIX ~ OOMOTOK M  BIMSHHE  HArpy3ok
B3aMMOCBSI3aHHBIX MPUBOJIHBIX JIBUTATENEH, dTO
HOBBIIIAET TOYHOCTH pacueTHbIX MX B pexume I TC.

YTouHeHue obnactu HaJIe)KHOTO camo-
B0o30yxneHus B pexxume JJTC meurartemeil mo3BoiuT
BBITIOJTHUTH TIPABUJIBHEIA BBIOOP CXEMHBIX ITapaMeTPOB
MHoroasurarensaoro OI1.
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Oco0eHHOCTH BBICOKOBOJIbTHBIX KACKAIHBIX NIpeodpa3oBaTesieil 4acTOThI
Npu KoMIeHcauuu nospexaenus H-mony.eit
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AuHoTauusl. [Ipumenenue 6biCOKOBONLMHBIX Npeobpasosamenell YACMOMbl  AGNAEMCA  OOHUMU U3 CAMbIX
NepCneKMueHbIX HANpAasieHuti 8 COBPEMEHHBIX MOWHBIX 2aekmponpusodax. Cpedu maxkux npeobpazosameneti us-3d
NOBBIUEHHOU HAOEICHOCMU, COXPAHEHUsI pAbOMOCNOCOOHOCIU NPU NOBPENHCOEHUU 0OHO20 UTU HECKONbKUX CUNOBbIX
MOOynel, 803MONCHOCIU ObICIPO2O peMOHma 061a200apsi MOOYIbHOU KOHCMPYKYuu Hauboree pacnpocmpaHeHHbIMU
CMAHOBAMCL  MHO20YPOBHESble KACKAOHble uHgepmopvl ¢ H-mocmamu. B pabome npoananuzupogan memoo
OANAHCUPOBKYU TUHETHBIX HANPAXCEHUN, NPU UCNOTb306AHUU KOMOPO2O ONid YMEHbUUEeHUs OUHAMUYECKUX HA2PY30K
Heo0bX00UMO COXPAHAMb NPOCMPAHCNEEHHOE NOL0JHCEHUe MPEY2OTbHUKA TUHEIHbIX Hanpadxcerul 1-1i 2apMOHUKY, a yeon
cosuea 3-1i 2ApMOHUKU YCMAHABIUBAMNb 8 COOMBEMCMBUU C HAYATLHBIM Y2I0M CO8USA HeNospexcOeHHoU ¢haszvl. Imo
obecneyusaem camvie Manvle OUHAMUYHbIE DIeKMPUYecKue U dIeKmpoMexaHuiecKue HazpysKu npu agapuu CUnIO8bIx
mooynei. [Ipedocmasnenvt memoowl pacuema, mabauybvl, 2paghuru, NOACHAWUE NPUHYUNBL PeaTu3ayuu IMo20 Memooa
8 CcuCmemax ynpasneHus 1eKmponpugooamu.
KirodeBble c/10Ba: MHO20YPOBHESHIL BbICOKOBONLINHBIL KACKAOHBIL NPeobpazoeameib 4acmomsl, d6MmMoHOMHbIL
UHEEPMOP HANPAINCEHUS, NOTHbIE 2APMOHUYECKUE UCKAICEHUS, ONNUMUSUPOBAHHBLI MEMOO
banancuposKy TUHENHbIX HANPANCEHU.

Features of damage compensation for H-modules in high-voltage cascade frequency converters

Victor Busher, ScD, professor,

National University “Odessa Maritime Academy”, Odessa, Ukraine. E-mail: victor.v.bousher@gmail.com
Nikolai Mukha, ScD, professor,

National University “Odessa Maritime Academy”, Odessa, Ukraine. E-mail: n.mukha52@gmail.com
Anatoliy Shestaka, Lecturer,

National University “Odessa Maritime Academy”, Odessa, Ukraine. E-mail: a.shestaka@gmail.com

Annotation. The use of high-voltage frequency converters is one of the most promising areas in modern powerful electric
drives. Among such converters, due to the increased reliability, preservation of operability in the event of damage to one
or more power modules, the possibility of quick repair due to the modular design, the most common are multilevel cascade
inverters with H-bridges. The paper analyzes the method of balancing phase-to-phase voltages. When using this method,
to reduce dynamic loads, it is necessary to maintain the spatial position of the triangle of the phase-to-phase voltages of
the 1st harmonic, and set the shift angle of the 3rd harmonic in accordance with the initial shift angle of the undamaged
phase. This provides the smallest dynamic electrical and electromechanical loads in the event of a power module failure.
Methods of calculation, tables, graphs are provided that explain the principles of implementation of this method in control
systems of electric drives.

Key words: multilevel high-voltage cascaded H-bridge frequency converter, autonomous voltage inverter, total

harmonic distortion, optimized phase-to-phase voltage balancing method.

Beenenue. BBICOKOBONBTHBIC KacKaJHble  TaKKe YIy4llaeT JHepreTHdeckue mnokasarenu — THD
npeoOpazoBaTenu  4acToThl  pacnpoctpansitorcss B (Total Harmonic Distortion), EEDI (Energy Efficiency
pasnmuHBIX ~ obOnacTsax — TexHukn ¢ MomHbIMH  Design Index) m EEOI (Energy Efficiency Operational
motpeburensiMa.  MIx  wmcmonms3oBanne  obecmeumBaetr  Index) [1, 2].

MHOTOKPaTHOE€  YMEHBIIEHHE  pacxoja  BIEKTPO- Anaau3 npodaembl. C TOYKH 3peHUS] HAIEKHOCTH,
TEXHHYECKHX  MAaTepuajoB, MpPEeXHE BCEr0 MEOH, OJKUBYYeCTH Hauboliee IPUBJICKATEIbHBl KacKaJHbIC
YMEHBLICHHE MACChI JICKTPHYECKUX MAIIKH U Kabenel, a  MHOroypoBHeBbie mpeobpasoatenn ¢ N H-bridge
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s4elikaMM B KaxaoW (aze, KOTOpbIE BKIIOYAIOTCS
nocienosarensHo. Kaxnas suelka gBiseTcs OTACIBHBIM
4-kBanpanteiM LIIIM uHBEpTOpOM, TOIOJIOTUSI KOTOPOTO
ompenensercs cwioBsiMua 3nementamu (IGBT, GTO,
IGCT, SGCT). HesaBucuMocTh HHBEPTOPOB U
rajJbBaHUYECKas pa3BA3Ka MEXAy OJOKaMH NHTaHUSA
KaXJIOTO M3 HHUX II03BOJIIET JIETKO AWArHOCTHPOBATh
HEHCIPAaBHOCTh M MCKIIOYaTb MOIYNb U3 paboThl ¢
TIOMOIIBIO rpymnn IEKTPOMEXaHUIECKUX nnm
QNIEKTPOHHBIX  BBIKMIOUaTeneil Alarm (puc. 1), He
OCTaHaBJIMBasl NCIONHUTEIbHON MexaHm3M [3-5].

Alarm Alarm Alarm

|~ - ]
£a ra £a Ca £ £
Ld) Qé‘i) {rs) i¥s) i) il
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i) (Led) @) L Led) L&)

Alarm
Alarm
Alarm
Alarm
Alarm
Alarm

]

Jr
Puc. 1. [Nonkmouenne H-moayneii u aBapuitHbIX

nepeKoYareneil B OHoH (ase

Kpome TOro, OIHOBPEMEHHO CO CpabaThbIBAaHUEM
CHJIOBBIX BBIKJIIOUareneil Alarm, M3MeHsSETCS aaropuTM
paboTBl CHCTEMBI YIpaBIEHHS APYTMMH SYEHKaMH —
rapMOHMYECKUI CHUTHAJI HEOOXOAWMON aMIUIUTYABl W
YacTOTHI JUIs KaKAOH (ha3bl Iocie aBapuM IOAaeTCs Ha
JPYTYIO TIOCIIEOBATEIbHOCTh OIOPHBIX TPEYTOJIBHBIX
CHTHAJOB C YYETOM KOJHMYECTBA WCIIPABHBIX STUEEK.
[IprHOMOB yIpaBICHUST HHBEPTOPOB ONMPEAEISIOTCS Kak
TUIIOM Kirouel, Tak u Meronamu IIINM, cpean KOTOpbIX
HauOOJIBIIMI TI0Ka3aTellb HKCIOJIH30BaHUs MOIIHOCTHU
HUCTOYHHKA IIUTAHUA O6CCHC‘II/IBaeT MMPOCTPaHCTBEHHO-
BeKkTOpHast wMonymsimus SVPWM  wunmm  nomonHeHue
(azHoro HampshKkeHus 3-i rapMoHuKoii [6-8].

Ho s mpenorBpamienust aucOananca (a3oBbIX
TOKOB M, KaK CJIEACTBHE, yJapHBIX Harpy30K HEOOX0ANMO
W3MECHUTh HE TOJBKO OMOpHble curHamel [9-13].
Hcnone3yroT paznudaHbie METOIbI Koppekuun. Tak, B Allen
Bradley HV FC 6000 mocne obnapyxenust nedekra B
0JHOI1 3 (a3 3aMBIKAIOT OJJHOMMEHHBIE MOYJIH B IPYTHX
¢azax [14]. Ho B »ToM ciydae HampspKeHHWE TanaeT B
(N-1)/N  pas,
PacTIpOCTPAaHEHHBIX S5- WM 6-ypOBHEBBIX WHBEPTOPOB
cocrapmgser 20 wuw 16%  coorBercTBeHHO. B
npeodpazoBatensix yactoTel SIEMENS cepun Robicon
PERFECT HARMONY HCTIOJB3YIOT METOJ
0aJaHCUPOBKH JIMHEHHBIX HANPSDKEHUH MyTeM U3MEHEHUS
MEXIy(ha3HbIX YITIOB U YCIOBHOTO CMEIEHHSI HyJIEBOW
touku [15-17].

OnmHako  HEpeUIeHHBIMH  OCTalOTCA  33Ja4d
YMEHBIICHNS! JAWHAMHUYECKHX HAarpy30K B MOMEHT
repexo/ia OT INTATHOTO K aBApUHHBIM PEXXUMaM, 0COOCHHO
IIPU TOBPEXICHUH HECKOJIbKUX MOAYJEeH, U OIEHKH

4YTO, HampuMmep, A Hambolee

BO3MOXXHOCTH  MCHOJIb30BaHWS 3-H TapMOHUKU B
aBapUITHOM peXKHMeE PU U3MEHEHUU MEK 1y (Pa3HbIX YIIIOB
JUIS TIEPBOI TAPMOHMKHN HANPSHKEHHS.

ILeab padoThl — pa3paboTka MeTo/1a OaTaHCHPOBKU
JMHEHHBIX HaNpsDKEHWH B MHOTOYPOBHEBBIX KacKaJIHBIX
npeoOpa3oBaTelsIX ¢ MUHAUMQJIBHBIMH  YIAApHBIMHU
Harpy3kaMM IIpH TIepexoie K aBapHiHHOMY PpEXUMY
paboTBl C OJHOBPEMEHHBIM JOIMONHEHHEM  (ha3HBIX
HaNpsDKeHUHN 3-1 TaApMOHUKOM.

Marepuansl ucciaeaoBaHusl. B snexkTpudecknx
MallMHaX KoJeOaHUsl DIIEKTPOMarHUTHOIO MOMEHTa
BO3HHMKAIOT KaK B pe3yjbTaTe CTYNEHYaTOro U3MEHEHHs
aMIUTUTY/Ibl, TAK M M3-32 [TIOBOPOTa BEKTOPOB JIMHEHHBIX
HanpspkeHuil. IlosTomy npu moBpexaeHun H-monyneit
HEOOXOAMMO  TaKk  IOBEPHYTh  BEKTOPHl  (ha3HbIX
HalpsDKeHWH, d9ToOBl  00EeCleYnTh CHUMMETPUI0 U
HEM3MEHHOE IPOCTPAHCTBEHHOE IIOJIOKCHUE JIMHEHHBIX
HaTpsDKeHAH (puc. 2).

A

6

B L
0 1 2 3 4 5 6 7 8 9

Puc. 2. Bektopsl TUHEHHBIX U (Ha3HBIX HAMPSHKEHUN TPH
aBapHH B 6-ypOBHEBOM HHBEPTOPE

IMoapoGHO MeToJ pacueTa amILIMTYbl JIMHEWHOTO
HaNpsDKEHUST W YIJIOB CABHra TPH BO3HUKHOBEHHH
acuMMeTpun (a3HbIX HanpspKeHU onucad B pabore [18].
Ho ans nanmpHelimero MOHMMaHUWs MaTepuana KpaTKo
W3JI0)KUM OCHOBHBIE TTOJIOKEHHUSL.

[NepeiineM Kk OTHOCUTENIFHBIM €AMHHULIAM, CUUTAsI, YTO

Kaxapli  H-monyne  co3maer  yCHOBHYIO — €OUHHILY
Hanpspkerns U . Torma KonmdecTBO s9EeK COBIAIACT C
(¢asHBIM  HANPSHKEHUEM, B IITaTHOM  PEXHME

N4 = Ng = N¢ =N, nuHeitHoe Hanpsbkerne Ly = \/§N ,

CABUTH MEXAy BEKTOpaMH (a3HBIX  HaNpsHKEHHH

a=B=y=120°=27/3. Ilpu NOBPEKICHUH SYEEK B
Na#=Ng#Ne, L<l,
oriauvatorcst ot 120 °. Tlouck yrioB H  BEJIMYHMHBI

JUHEHHOro HampsbkeHuss L B aBapuifHOM pexume
OCYILECTBJISIETCA IIyTEM PELIECHUS CUCTEMbl YPABHEHUI:

obmeMm  cimydae YTIIBI
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NZ +Nj —2N4Ng cos(a) = L?,
N3 +NZ& —2NgN¢ cos(f) = L2,
N& +NZ —2Nc N, cos(y) = L2,

a+p+y=2n.
B oOmem ciaydyae pemicHHe MOXKET OBITh HaWICHO
UTEPALMOHHBIMU METOJIAMH, CaMbIi OBICTPBIN U3 KOTOPBIX
OCHOBaH Ha TeopeMe ['epoHa. YUuUTHIBas, 4TO IUIOMIANb

S aBHa CyMMe Iomaaei BHYTPEHHHUX
AABC p Yy yTp

TPEYTONbHUKOB, ITOJIY4aeM yCIOBHE:

Saaec = Sanoe +Sasoc +Sacoa = 3214,

rZie IJIOMAAN BHYTPEHHUX TPEYTrOJbHUKOB HAXOIUM IO
(dopmynam:

2N2AN2 +2NAL% +2N2L% —Nx —Ng —L*

Ilpn mnOBpeXOEHUH SUEEK Sypgc YMEHBIIAETCH.

COOTBCTCTBCHHO, PCUHICHUE  MOXKET OLITH HaﬁﬂeHO

IPOCTHIM IepeOopoM B OIHOM Liukie 3HaueHui L ot L
g0 N, ¢ HexkoTopo# 3amaHHOWH TOYHOCTbIO. Pacuer
3aBepriaeTcs MPH  Syagc —Saaoe — Sagoc —Sacoa <=0.

Taxoii anropuT™M B COTHHU pa3 OBICTpee, YeM TPAAULIMOHHO
HCIOJb3YEeMBIi TOWUCK YIJIOB, KOTOPBHIH HE0O0XO0AUMO
OCYLIECTBJIATh IEpedOpPOM WM WTEpalMsIMH B JABYX
BIIOKEHHBIX IMKinax. [locie ompenenenus L 3HaveHms
YITIOB HAaXOJSAT 110 TEOpEME KOCHHYCOB.

Hmke B Tabm. 1 mpuBemeHB HECKOIBKO PEIICHUH IS

4-6-ypoBHEBBIX HHBEPTOPOB. Takke B TaOJIUIIE TTOKa3aHa

o o *
AMIUINTyJa JIMHEUHBIX HAIPSKCHUU L 10 OTHOIIEHHUIO K
AMIIIUTYy 1€ UCIIPABHOTO npe06pa3OBaTenﬂ U 9Ta BCIIMYHUHA

Si/.\og = 16 ) COIOCTABJICHA C L;d UIS  ClIydass CHMMETPUYHOTO
2\ 2 2,2 2,2 4 4 4 OTKJIFOUEHHMS] MOJTyJIEN B HETIOBpPEXAEHHBIX (ha3ax. BuaHo,
Sigoc = 2NgN¢ +2Ngl +2NGlL” ~Np ~Ne ~L ) 9TO0 B 4-6-yp}(l)BHeBI;IX nI;)eo6pa3OBaT¢;:nﬂx METOx
) 92 16 9 o 4 4 4 GamaHcupoBKH oOecrieunBaeT HampspkeHHe Ha 5...18 %
g2 :2NCNA+2NCL +2N3L"—=NG =N, -L I
ACOA 16 '
Ta6muna 1. Cneury (a3 npu 6aaaHCHPOBKE TUHEHHBIX HANPSHKEHHS 4-6-ypPOBHEBBIX HHBEPTOPOB
Na | Nb | Nc a B y L L Loig L~ Ly
6 6 6 120.0 120.0 120.0 10.39 1.00 1.00 0.00
6 6 5 109.2 125.4 125.4 9.78 0.94 0.83 0.11
6 5 5 113.1 133.7 113.1 9.20 0.88 0.83 0.05
6 5 4 101.4 142.8 115.8 8.54 0.82 0.67 0.15
6 4 4 101.4 157.2 101.4 7.84 0.75 0.67 0.08
5 5 5 120.0 120.0 120.0 8.66 1.00 1.00 0.00
5 5 4 107.2 126.4 126.4 8.05 0.93 0.80 0.07
5 4 4 111.3 137.4 111.3 7.45 0.86 0.80 0.06
5 4 3 96.9 150.0 1131 6.77 0.78 0.60 0.18
5 3 3 93.6 172.9 93.6 5.99 0.69 0.60 0.09
4 4 4 120.0 120.0 120.0 6.93 1.00 1.00 0.00
4 4 3 104.0 128.0 128.0 6.31 0.91 0.75 0.16
4 3 3 108.2 143.6 108.2 5.70 0.82 0.75 0.07
4 3 2 89.0 164.5 106.6 4.96 0.72 0.50 0.12
Crenyromuii 1rar - COXpaHeHHe B cucreme Matlab / Simulink moctpoena moerp,

MPOCTPAHCTBEHHOT'O MOJOXKEHUS BEKTOPOB JIMHEHHBIX
HalpsDKeHWH — JOCTHUTAeTCs MOBOPOTOM  (ha3HbIX
HaIpsHKEHUN Ha YTJIbL:

. (Ng .
a, =%+arcsm(TBsm(a)j,

Bo=0p+a,

Yo =5+ 5.
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KOTOpasl pealu3yeT YIpaBlICHHE II0 IPUBEACHHBIM
MpPUHIMIAMH B 5-ypOBHEBOM  IpeoOpaszoBarenu
YacTOTHI IIPH aBapHH, B pe3yJIbTaTe KOTOPOH OCTArOTCs
paborare 5-4-3 wmomyns B dazax A, B, C
COOTBETCTBEHHO. Bo Bpemst aBapuu anroput™ WM
U KakK1oW (as3bl M3MEHsSETCS — B COOTBETCTBUH C
KOJINYECTBOM HEIIOBPEXK/IEHHBIX SYEEK W3MEHSIOTCS
OIIOPHBIC YPOBHU TPEYTOJNBHBIX CHIHAIOB TaK, YTOOBI
CyMMapHasi aMIUITyAa COBMajaja C KOJNYECTBOM
LIENBIX STUCEK.
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AHanu3 nepexoIHbIX MPOLIECCOB MTOKa3all, YTO IpU
aBapuu (B MOMeHT BpeMeHH 0.75 S) B HOMUHAJIHLHOM
pexxuMme paboThl  HANpsDKEHHE YMEHBINAeTcs, HO
Gnaromapst COXPaHEHHIO MIPOCTPAHCTBEHHOIO
MOJIOXKEHUSI ~ BEKTOPOB  JIMHEHHBIX  HANPSDKEHHH
KoJIeOaHUs 3JIEKTPOMArHUTHOTO MOMEHTa HMEIOT
HanMEHBIIYI0 AaMIUTUTYyIy M3 BO3MOXHBIX, a HpH
gactote 10 39 Hz pabora nuraremns nmpomomkaercs 6e3
nu3MeHenwuii (puc. 3).

B Mozenu wucmons30BaH METOJ CYMMHPOBaHHMS
CUHYCOUJAIBHBIX CUTHAJIOB HAIPSDKEHUH € TpeTbel

f
TapMOHHUKOU C AaMIUIMTYAOU —— OJIM3KUI 110

L
>

fa 643
3GQEKTUBHOCTH K  NPOCTPAHCTBEHHO-BEKTOPHOMN
MOJYJISHMH. BaKHO OTMETUTB, YTO B LITATHOM PEXUME
STOT METOJ II03BOJISIET TIOBBICUTH JIEHCTBYIOIIEE
3HaYeHHUE IMepBOM TapMOHMKM HoyTH Ha 16 %, HO B
aBapUIHOM peXXHUMe 3TOT II0Ka3aTeNlb YMEHBIAETCS U3-
3a WCKaxeHus (opmbl (PasHBIX HaNpsDKEHHH —
CHMMETPHS BEpXyIIEK HapyllaeTrcs BO Bcex (azax u
IIpH HEyJadyHo BbIOpaHHOM casure ¢a3 mns 3-i
TapMOHMKHA MOXET BO3HHUKHYTh HEOO0XOIHUMOCTh
CHIDKEHHS 3aJJaHus HampspKeHus Ooinee, yem Ha 34 %.

f ‘nﬁwwwwm“mwpvu =
I

S q \ | u mh

l-; | H“ Uh”ulln{!Jl “Il(wlll“ .'}nllznl{l.lnw r Ul U“ ”“l Z

0L 02 03

Is[A]
1000 VY :'.uuw\v\w'..,

Ok 4 ALY u “.' _______________________________________________________________________________________________________________
XY VT
-1000 A AL ml'

om [rad’s]

100

0 -
Tm [Nm]
1000
op— >
0 02 04 0.6 0.8 Ls
Puc. 3. Ilepexonusle mpouecchl (ha3HBIX U TMHEHHBIX
HaINpsDKEHUH, TOKOB CTaTopa, CKOPOCTH U MOMEHTA B
anekTporpuBoae npu 39 Hz

Jis momcka ONTHMaJbHOTO caBura ¢a3 TpeThei
TapMOHMKH IIOCJIE€ aBapUH BBIYHCIAETCSA KBaJpaTHIHAS
pasHMIIAa  MEXKAY  MAaKCHMalbHO-BO3MOXXHBIM U
aOCOJFOTHBIM 3HAUEHHSIMH HAINPSDKEHUS B KaXXI0# (aze
110 OTHOLIEHUIO K MaKCUMaJIbHOMY U CYMMHUPYET OTH
BCJIIMYUHBI:

(Na—|ual)®  (Nb—Jub])® (Ne—uc])’
+ +
Na® Nb? Nc?

Ota (QYHKIMS COOTBETCTBYET OTHOCHUTEIBHOMY
3amacy HamnpspDKEHHs 10 OTHOIIEGHHI0O K  YPOBHIO
TPEYroJbHBIX OTIOPHBIX CUTHAJIOB.

Jdns mowcka penieHusl 3TOW 3afadd BO BpeMs
MEPEXOJHOr0 Mpolecca yroia cABura 3-ii rapMOHUKHU
ME/UICHHO YBEIMYMBACTCS TaK, YTOOBI 3a BpeMs
MO/ICITUPOBAHHMSI OH U3MEHMIICS HEe MeHee, ueM Ha 277 / 3

IIpu »TOM ammuTyga 1-H TapMOHHKH OCTaeTCs
MTOCTOSTHHOM, HO CyMMapHO€e HalpspKEHUE KaxX 101 (a3bl
M3MEHSAETCA OT HOMUHANbHOW N0 1.34 HOMHHAIBHOMN
BEJINYMHBI.

VYBenn4ueHHBIH (pparMeHT IMOIyYeHHOTO Tpaduka
¢bynkupu Y npuBenen Ha puc. 4. Tlpennoskennas
GYHKIMS MMEeT OJKCTpeMyM (MHHHUMYM MHKOBBIX
3HaYeHWH) B MOMEHT BpeMeHH ~2.1S, Korma yroi
CTAHOBHTCS KpaTHbIM 277 /3, 4TO TOYHO COBHAIACT CO
CIBHUIOM 1-if rapMOHHMKH B HEmOBpexkaeHHOU (aze. ITo
rpadukam HarpsHKeHUi (a3 BUJHO, YTO B ONTUMAIBHON
TOYKE aMIUTUTyJa KaXJIOoro M3 HHUX Oiln3ka K
MHUHHMYMY, HO He coBmajgaer ¢ HuM. OyHkoms Y
MO3BOJIIET ~ HAWTH  HAWIydllee  COOTHOIICHHE,
obecrieunBas TakuM 00pa3oM HaWMEHBIIEE IIaJICHUE
HaIpsDKEHHMS IPH BOSHUKHOBEHHUH aBapHU.
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Puc. 4. Hélnp;m(em/m dhaz A, B, C, fpa(pm( (i)-yHKHI/II/i

Y, rpaduk J1€KTPOMarHUTHOTO MOMEHTA IPH
M3MEHEHMH c/IBUTa 3-if TapMOHUKH

PesynbraTsl MOATBEPkKAACT U Ipad UK MEPEXOTHOTO

mpoliecca  MOMeHTa.  JBurarenb — pa3orHaH o
MaKCHMAJIbHO  BO3MOXHOM  CKOPOCTH, KOTOPYIO
obOecrieunMBaeT  mpeoOpa3oBaTeib  YacTOThI  TPU

MOBPEXKICHHBIX siueiikaXx. TOUHO B MOMEHT IKCTpeMyMa
GbyHkuun Y MyJbCallid MOMEHTA C BBICOKOH 4acTOTOM
OTCYTCTBYIOT — 3TO O3HA4a€T, YTO TPEThs FTADMOHUKA BO
Bcex (ha3ax HE TNpHBENa K INPEBBIIICHUIO 33JaHHOTO
3HAYEHHs] HANpsDKEHUS HaJ BO3MOXKHBIM yYPOBHEM
TPEYTOJIBHBIX OMNOPHBIX CHTHAIOB, TO €CTb TPEThS
rapmoHuka IIMM-CUrHaIoB TOYHO COOTBETCTBYET
3aJ]aHHBIM 3HA4YEHHUSM aMIUTUTY/bl U ()a30BOTO CIIBUTA
pacyeTHOIO CHUTrHaJla, NPU KOTOPBIX HE IIPOUCXOAUT
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BO3JICHCTBUSL HAa 3JCKTPOMATHUTHBIC TPOIECCHl B
3JIEKTPUYECKON MaILIUHE.

IIpu 3TOM [Tt TOYHOTO BOCIPOM3BEACHUS (DOPMBI
(a3HBIX HANpPSDKEHWH HEOOXOIUMO OTpaHUYHBATH
aMIUTUTYAy 1- TapMOHHMKH Ha YpoBHe, NuIIb Ha 4 %
MEHbBIIIE, YeM TPH HEMOBPSKICHHBIX  siuciiKax.
CriemoBartesnbHO, KOA(PUIHEHT HCITOJIb30BaHHUS
HWCTOYHHUKA OCTaeTcs BbIme Ha 12 % 1O cpaBHEHHIO C
NofaYedl TOJIBKO HANpsDKEHUs IEPBOM TapMOHHUKH.
Takum 00pa3oM, METOIOM MOJICIIMPOBAHUS JTOKA3aHO,
YTO ONTHUMAJIBHON [l CMeIeHHs 3-il TapMOHUKH
SIBIIICTCSI BEIMYMHA HAYaJIFHOTO CABHTa |- TapMOHUKH
HETOBPEXICHHOH (azbl.

BeiBoasbl. B pabote npoaHanm3upoBaH v MOTYIHIT
CYIICCTBEHHOE  pPa3BUTHE MeETOA  OalTaHCHUPOBKH
JIMHENHBIX  HanpsokeHud.  Ilokazano, uyrto I
YMEHBIICHUS TUHAMAYECKUX HArpy30K HE0O0XOIUMO
COXPaHSAThH MIPOCTPAaHCTBEHHOE MOJI0KEHHE
TPEyroJIbHUKA JTHHEWHBIX HAIPSIKCHUMH, a YroJl CIABHra
3-i1 rapMoHuWKHM (Ui TOBbIIIEHUs 3 dexTHBHOCTH
WCIOJIb30BAHUS HMCTOYHHMKA IHTAHUS) HEOOXOIUMO
YCTaHABJIMBATh paBHBIM HAYaJbHOMY YINIy CIBHUra
HENOBPESXKJCHHOW (pa3pl. [Ipw BBIMOTHEHWU ITHX
YCIIOBHIA 3a/IaHHOC 3HAYCHHUE HATIPSDKCHHS TIPU aBapHu
HE00X0AMMO YMEHBIIIATh He Ooee, ueM Ha 4 %.
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Impact of reactive power compensation devices on electromagnetic processes in the power
supply and electromagnetic cluttering formation
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Annotation. Research has shown that reactive power compensations devices which are equipped with step regulated
capacitor batteries, there are dynamic processes in the connected power supply system. They are produced by switching
currents of transitional processes and different electromagnetic cluttering are in presence. That is determined, that during
switch-on the short period overvoltage and during switch-off the deep voltage drop are dominate. For the existing step-
regulated reactive power compensation devices, capacitor battery to supply connection scheme is proposed which
decreases the transition currents and electromagnetic cluttering significantly. At the same time it is approved, that during
new power system design for manufacture, it is more relevant to use compensation devices with transistor management
system and smooth regulation ability. Abovementioned devices provide reactive power compensation demanded and

exclude electromagnetic cluttering.

Keywords: Reactive power, Compensation device, step regulation, smooth regulation, electromagnetic, cluttering.

Introduction. Nowadays the main goal is to
reduce electricity loses and gain electro technical
parameters in the power supply system [1]. At the same
time the main way out is to reduce the reactive power
consumption by compensation and prevent power
system from reactive power throughput [2]. It is
significant to mention that for the compensation mostly
static capacitor batteries (compensation device, CD) are
used. During step commutation electromagnetic
dynamic processes occur and different kind of
electromagnetic cluttering (EC) are produced. As a
result, in a supply system, power loses are increased and
reliability and efficiency are decreased.

Purpose of the work. The main goal of the given
paper is to get reactive power compensation device with
capacitance step regulation, which assure current jerk
reduction at the step connection/disconnection and
retain electromagneting cluttering as low as possible. At
the same time development of recommendations for the
new power supply systems for reactive power
compensation device usage with smooth step regulation
ability.

Research results. According to existing methods,
during power supply design to solve various
exploitation and design subjects, active and reactive
daily diagrams are used [3] (Fig. 1). For the factories to
achieve reactive power factor improvement, for the
compensation device step quantity and each step value
determination one or half hour reactive power daily
diagrams are used [4].

Should be mentioned that consumers connected to
the power supply system contain different type electro
technical devices and complexes (Fig. 2). All these
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devices are equipped with individual management
systems and serve to different technological processes

[5].
Q,
‘ kVar

t,h

0 2%

Fig. 1. Typical daily electrical load diagram

Based on above mentioned, electro technical devices
and complexes connection happens gradually and sum
of reactive power rise happens not rapidly, but
smoothly. As a result reactive power gain for the factory
is low and load curve looks like shown in (Fig. 3). From
figure is seen that real load for factory significantly
differs from step load. It can be determined, that reactive
power consumption for the factory changes quasy-
smoothly and there is no electromagnetic processes
produced in the power supply.

For the power supply system to improve reactive
power factor, reactive power compensation device (CD)
with static capacitor batteries and step-regulation ability
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are used [6]. Therefore, management of the power of CD
is based on step-compensation diagram [7].

sQ

Fig. 2. Typical scheme of factory

In this case when factory reactive power reaches
predetermined value, CD will instantly connect battery
(Cy, C,, C3) with reactive power (Qc1, Qcz> Qcs)
through commutator (K;, K,, K3) to power supply
system. Due to this instant connection of capacitor
battery, dynamic processes and electromagnetic
cluttering in the power system will occur.

Q,
‘ kVar

t.h
0 -

Fig. 3. Reactive power diagram

It is notable, that among electromagnetic
cluttering, during connection of capacitance to the
system high voltage jump while during disconnection
voltage drop is dominant.

At the same time due to capacitance connection
there is reactive power current curve distortion which
cause high frequency harmonics in power system.
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It is important to note that electromagnetic
cluttering caused by step-commutation of CD decreases
system performance, electromagnetic compatibility and

efficiency.
It is notable, that as higher is quantity of steps in
power consumption daily diagram, higher is

commutation frequency of CD steps. As higher is power
generated by capacitor battery, higher s
electromagnetic cluttering amplitude produced.

As study data analyze shows it is necessary to
perform actions to reduce current jerks during step
commutation of CD.

To reduce current jerks produced, during
commutation, transition process formation based
method is proposed. Current limitation achieved by
using active (Rynq, Rena, Rgp3)  resistances in series
with CD’s each step (Fig. 4). Connection of Rgp1, Rz,
Ry resistances is realized using shunt Kz, Kgy, Kgs
block. As a result during switch on each step is
connected through active resistance and current
limitation takes place. After transition process is
completed CD control unit will switch shunt contacts on
and capacitor battery will be connected to power supply
directly. The same takes place during switch off, but in
that case shunt contacts will switch off first and main
commutation block contacts afterwards.

K, K, / Ks
i ) |

Rshl / KRI RShZJ KR2 Rsh3 KIU
G /J Q G /\Q G/ \\\Q3
VYRV
P~ SN~ SN
/ | \\ // ¥ AN / | N\
L1 | L

Fig. 4. Schematic diagram of optimal reactive power
factor compensation device

It is important, that shunt resistance values and
their influence duration are determined by power system
and compensation device (CD) parameters. Resistance
values and transition process duration can be easily
calculated using fundamentals of electric engineering.

Compensation device controller system with
smooth regulation ability is designed [8]. Power control
in the above mentioned CD accomplished using
transistor based limitation blocks and reactive current
curves remain undistorted sinusoidal shapes. Based on
that CD usage in the new power networks assures
reactive power factor complete compensation and
excludes electromagnetic cluttering.
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Conclusions

1. It is justified, that in a high power factories
connection of electro technological complexes made
step by step and as a result reactive power increases
slightly.  Electromagnetic =~ processes  proceed
insignificant and no electromagnetic cluttering takes
place;

2. By study is determined, that in a power
system, reactive power factor regulation using high
power capacitor batteries, there are electromagnetic
cluttering caused by step commutation.

3. Proved, that in a power system among
electromagnetic cluttering during switch-on the short
period overvoltage is dominant and during switch-off
the deep voltage drop.

4. For the existing power supply compensation
devices commutation device is proposed. Which
provides and
electromagnetic cluttering reduction.

5. Proved, that during newly designed power
system for the manufacture it is reasonable to use
compensation device with smooth regulation ability.
Above mentioned device will realize reactive power
factor full correction and at the same time will not

step—connection current

produce electromagnetic cluttering at all.
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Investigation of the distribution of load currents and the establishment of the reasons for the uneven
distribution between parallel-connected three-core cables with the same name phases
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Annotation. Studies on the distribution of load currents between the phase cores of the parallel-connected three-core
cables with the same name phases are confirmed by the fact that despite the identity of the cable parameters and the same
operating conditions, the currents in the same name phase cores are significantly different from each other. It is
substantiated that in some cases, the current, which flows in the more loaded core is significantly higher than the cable’s
long-term heating allowance. It is proved that despite the symmetry of the total currents flowing in both cables, the
currents flowing in the individual cable strands are asymmetric. It is established that the difference in currents which
flow between the parallel-connected cores is mainly due to the difference in the transient resistances, which are at the
beginning and end of the cable. It is proved, that it is impossible to determine the difference between the transient
resistances by means of a transverse differential protection, based on the difference in output currents between the single-
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core cables of the parallel-connected cables, because the difference current is highly dependent on the total current. A
method for detecting and determining the dissimilarity between the resistances of cores involved in parallel is proposed.
Keywords: Cables, Wiring, Parallel connected, Transition, Resistance, Load current, Asymmetry, Inequality.
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Annotation. In order to minimize the power outage time, increase the quality of energy supplied, operative and rapid
detection of damage in areas that are not equipped with circuit breakers and have multiple branches, the paper proposes
a project to install short-circuit current indicators in a given area of the network.

With the help of such a decision, there is an opportunity to promptly identify the damaged area, turn it off, and then turn
on the main line, in time to restore nutrition to undamaged destinations. All of this ultimately improves the uninterruptible

power supply settings.

Keywords: short-circuit current indicator, power outage time, end-user branches.

Introduction. The paper discusses the study and
design of a 10 kV distribution network site automation
tool based on short-circuit current indicators.

As it is known, the 6-10 kV distribution network is
the last link of the e-customer supply. The final result of
the whole process of energy production, transmission
and distribution depends on the smooth and hopeful
work of this link.

Particularity of branched networks
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Fig. 1. Branch networks dispafch scheme

Current methods of finding damages. Typically, such
sites are powered by the base cells of the basic 110/35/10
kV substations. Power is transmitted through the
overhead or cable transmission lines in radial directions
to which the end-user branches of the grid are connected.
The cells are communicated by load breakers directly by
hand control, and the sections from the corresponding
branch to the consumer substation by so-called dry
switches.
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Appropriate measures for one of the 10 kV
distribution network areas have been studied and
discussed in order to improve the reliability of e-energy
supply.

A study and analysis of the precinct network, its
configuration, equipment condition, management tools,
operating procedures has been conducted.

When elements of such a branch are damaged, as a
rule, in the best case, the output cell of the main
transmission line or a higher hierarchical stage of the
substation, such as an input or a section breaker, can be
automatically switched off. As a result, several trunks
with their numerous branches are left without power. In
such cases, as a rule, the damage is found primitively by
hand. The disconnected joints are connected in
sequence, thus looking for the damaged trunk. Branch
search by sequential shutdown. This procedure takes a
long time, sometimes several hours, which
fundamentally degrades the customer's energy supply.
SC current indicator MK3-B31.

The paper researches, studies and processes to
increase the reliability and efficiency supply through
short-circuit current indicators. The following issues are
discussed in sequence in the master thesis:

1. 10 kV network site survey

2. Reliability analysis,

3. Review of available means of fault detection

4. Review of DC power indicators,

5. Specification and selection of their technical
parameters.

6. Dalculation of short-circuit currents on
transmission line and its branches,

7. ldentification and selection, selection of short-
circuit installations at the appropriate points in the
network area
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8. Calculation of protection settings.

9. Development of operating instructions for the
created system and drawing conclusions.

Short circuit indicators. The purpose of the ICS-
K4-TN short-circuit indicator is to determine the
location and direction of the 6-35 kV overhead and cable
transmission lines. The indicator operates on
transmission lines, both in isolated neutral network and
grounded neutral.

10kV cell

Own consumption 220v

Circuit transformer

t— Voltige transformer

12-24V

|

{
|
Telemechanics [EHE
Substation J |
avtomation and

alarm circuits I

Indicator conection

Fig. 2. SC current indicator UK3-B31

The indicator is attached to the cell of the
dispensing device, both on its front wall and in its side
plane. One or more colored signs with light reflective
coating in light yellow color. Information is transmitted
simultaneously through the telemechanics system. After
the time set on the timer, the indicator returns to the
initial state.

One or more parameters fixed by the indicator are
used to determine the search direction: the value of the
emergency currents, the time of the accident, the
accuracy of one second, and the type of accident.

Special software is used to view the accident
settings or to set up the indicator, information from the
indicator can be transmitted through the MODBUS
protocol.

Destination.

The ICZ-B31 indicator belongs to the class of
devices for protection of the damaged area and is
intended for detection of the damaged area in case of
unilateral feeding on 6-110 kV transmission lines.

The indicator can be installed regardless of the
suspension configuration and the number of chains on
the transmission line, with a conductor diameter of 7-40
mm. The indicator is mounted directly on the line
conductor by hanging. This is done using a mounting
barbell without turning off the line. Fig. Hanging 25
indicators without interrupting the voltage supply to the
line.

The indicator detects accidental processes if the
current exceeds 25 amps.
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The set can consist of two or three indicators.
Accordingly, MK3-B31B2 and MK3-B31B3. The ICZ-
B31B2 can detect two-phase or three-phase short
circuits, while the 1CZ-B31B3 can detect both single-
phase and interphase short circuits.

Methodology of finding damaged points. The
principle of modernization is as follows: The feed main
output feeder is equipped with a short-circuit current
indicator, which not only records the fact of short-circuit
current, but also the parameters and time of this current
for both phase-to-phase and ground-to-ground short-
circuits. Accordingly, not only the fact of damage is
fixed, but also indirect information about the place of
damage is created. Simultaneously, the information is
transmitted to the dispatcher control panel. The received
information is processed by the dispatcher and the action
scenario of the replacement emergency brigade is
processed.

At this stage, the substation feeds back to all
undamaged directions, while the brigade passes over the
damaged direction. Thus, the indicator accelerates the
search for the damaged direction and excludes the
inclusion of a series of directions in the shutdown
operations. In addition, the beginnings of the branches
are worked out with indicators. Optical alarm starts
working on the damaged direction, which allows the
damaged branch to be identified. The brigade turns off
the damaged direction and then the appropriate feeder is
activated in the substation, thus restoring the feeding of
the highway users. The indicator of the damaged branch
indicates the location of the damage on it and then the
repair work begins.

Georgia energo
sistem

busbars

b
¥
[
g
f—
‘s

Coordination diagram of short-circuit indicators

Fig. 3. Coordination diagram of short-circuit indicators

The device runs internal email battery charge
control. When the battery charge level is less than 20%,
the LED starts flashing yellow with a dual flash every 5
minutes. In this case it is necessary to replace the battery
within the next 6 months.

The device will run automatically after replacing
the battery.
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Fig. 4. Composition of SC indicator UK3-B31

Calculation  of  short-circuit
protections and short-circuit indicators.

For a branched transmission line.

In order to calculate the short-circuit indicator set-
up report, it is necessary to know the short-circuit
currents at each characteristic point of the section of the
reporting network area.

In our case, the 35/10 kV substation and the
outgoing transmission line with the corresponding
branches are given. As well as the descent of the hanging
structure indicators, which must control the outlet
currents in the branch and must fix them.

Installing SC current indicators on the 10 kV
substations of the substation will allow us to quickly
detect the damaged direction out of the section, turn it
off and restore power to those directions that are not
damaged.

Telemechanics.

A device of telemechanics, it is a whole complex
of devices that performs management, signaling,
telemetry in a number of fields, including the energy
sector.

Today, telemechanics devices play an important
role in the economy of energy facilities.

The tasks of telemechanics are: centralized
management in real time, reliable and reliable delivery
of information, efficient use of the communication
channel, implementation of operational management
control, scalability and compatibility.

Telemechanics currently occupies an important
part in the energy economy. Relay protection and
automation tools are a single complex with
telemechanics. Telemechanics devices seriously
increase the quality of operational dispatch services,
which ultimately increases the quality of service of
facilities and with the help of reliability means can
reduce operating costs.

In order to increase the efficiency of the
implemented short-circuit power indicators, it is
necessary to connect this system to the JSC "Telasi"
dispatch control panel.

currents,

For this purpose, the paper uses the software-
technical complex Ersi already implemented and
working in Telasi. This complex allows operative
information to be transmitted from objects in a voice and
voice format. It can be used for remote control and
telemetry functions.

The implementation of this system is required
primarily on substations where there is no local
operational personnel. The complex can also
synchronize the internal time of the object with
astronomical time. It is also possible to transmit data to
adjacent systems via standard transmission protocols -
IEC 60870-104 as well as receiving and transmitting
commands from adjacent devices. Also remembering
and registering AC settings, remote diagnostics of built-
in and connected modems via Ethernet RS networks.

The external view of the RC telemechanical system
is shown in the photo below:

8/ Tabaxmela

10kV section

Trasformers point Y. GSMantenna

770

Telemechanics cupboard

GSM modem

Short circut indicators signal transmission from sb *Tabachmela” to JSC "Telasi" control shield

Fig. 5. SC signal transmittion
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Fig. 6. Set of telemechanics from the transformer
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Fig. 7. Results of using indicators of short-circuit
current
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Conclusions

As a result of research and analysis of the issues
discussed in the master's thesis, it was determined:

1. Ina 10 kV branch network, due to damage to
any of its elements, as a result of emergency shutdown,
not only the damaged direction is cut off, but also the
entire supply line with all branches.

2. Finding and eliminating the damaged area is
done primitively, turning the branches on and off
through the emergency areas.

3. The existing procedure worsens the reliability
and quality of the customer's energy supply.

4. Classical laboratory methods for detecting
damage are ineffective in this case, requiring a lot of
time and laboratory measurements.

5. Modern indicators of short-circuit current
instantly fix the type of MSH, accident parameters and
time.

6. According to the observed parameters, the
damaged direction is quickly determined and the
undamaged directions of the network are operatively
switched on.

7. According to the parameters recorded in the
damaged direction and based on the calculated (pre)
currents, the place of the lesion is quickly determined
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and it is operatively liquidated without any preliminary
laboratory measurements.

8. The information received as a result of the
damage is immediately transferred to JSC Telasi
Dispatcher Shield for operational decision making.

9. The process of crash elimination process
should fundamentally change the reliability and quality
of the network.
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CucreMbl aKTUBHOI 0a1aHCMPOBKHY aKKYMYJIAATOPHBIX O0aTapeii
H UX JHepreTuyeckasi 3pGeKTHBHOCTH

Esrennii CokoJ, 1.7.H., mpodeccop

HTY «XapbpKOBCKHI MONUTEXHUYECKHIA HHCTHTYT», YKpanHa, e-mail: yevgen.sokol@Kkhpi.edu.ua
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Bornan CThICiI0, K.T.H. TOIEHT
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AHHOTAmMsI. B pabome 6vinoaHen 0030p CywecmseyloWux CXeMHbIX peuleHull ycmpoucme 01 OanancuposKu
AKKYyMyasmopuuix 6amapeil. Onucanvl NPUHYUN OALAHCUPOBKU HA OCHOBE eMKOCMHO20 U UHOYKMUBHO20 0y¢hepHo2o
anemenmos. Tloxkasanvl ocobenHocmu ux pabomvl U OCHOBHbIE PACUENIbl KAXHCA020 U3 Munog ycmpoucms. s cxem ¢
mpancghopmMamopHoll mononozueli YKA3aHo paciemHvle 3HAYeHUs O onpeodeieHus Oanancupyrowezo moka. Ha
OCHOBAHUU AHATU3A CXEMHBIX PeuleHUll, YUCTEeHHO onpedenenbl U OOKA3aHa 3PPEeKMUBHOCMb UCHONb308AHUSL CXEMHBIX
peuieHull Ha 0CHO8e UHOYKMUBHBIX 0)(pepHbIX dTIeMeHMO8.

KmoueBnie ciioBa. FCHO, DC/DC npeobpaszosamens, akmuenas OAIAHCUPOSKA, 3Hepeo3phexmusHocmo, OydepHbiil
IneMeHm, MpaHcHOPMamopHas 6an1aHCUposKa.

Features of the operation of active battery balancing systems

Yevgen Sokol, Doctor of Technical Sciences, Professor

Corresponding Member of the National Academy of Sciences of Ukraine, NTU "KhPI" (Ukraine, Kharkiv),
e-mail: yevgen.sokol@khpi.edu.ua

Volodymyr Zamaruiev, Candidate Degree in Technical Science, Professor,

NTU "KhPI" (Ukraine, Kharkiv), e-mail: volodymyr.zamaruiev@khpi.edu.ua
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Aleksandr Eresko, Candidate Degree in Technical Science,

Associate Professor, NTU "KhPI" (Ukraine, Kharkiv), e-mail: oleksandr.eresko@khpi.edu.ua

Summary. The paper provides an overview of the existing circuit solutions of balancing devices for storage batteries.
The principle of balancing based on a capacitive and inductive buffer element is described. The features of their work
and the main calculated dependencies of each of the types of devices are shown. For circuits with transformer topology,
the calculated values are indicated to determine the balancing current. Based on the analysis of circuit solutions, the
effectiveness of the use of circuit solutions based on inductive buffer elements is numerically determined and proved..
Keywords:. BESS, DC/DC converter, active balancing, efficiency, buffer element, transformer balancing

IHocranoBka 3amaunm. B mnocnexnee Bpewms, HakonuTenell. bezonmacHocTs paboTel Ab obecrieunBaercs,
pa3pabOTYMKH YCTPOHCTB MpeoOpa3oBaTeIbHOM TEXHHUKH B TOM YHCIIE, BHIPDABHHBAHWEM YPOBHEH HANpPSDKEHUS Ha
YJIIEISIFOT TIOBBIIICHHOE BHUMAHHE CTPYKTYPaM, UMEIOIINX ~ IOCJIEIOBATEIbHO COCAMHEHHBIX SYEiKax, KOHTPOJEM 3a
B CBOEM COCTaBE JJIEKTPOXMMHYECCKHE HAKONUTENN  COOJIONCHWEM NPENCIbHBIX YpPOBHEH HANPSDKEHHS HA
SIIEKTPHUUYECKOM SHEPTHH (aKKyMyJIATOpHbIE 6ataper — AB) kaxom u3 Hakormrenet BCHD [2]. M3BectHO, uto AB Ha
— OarapeitapM cuctemMaM HakoruieHus sHepruu (BCHDO). OCHOBE JIMTHUS MUMEIOT psiJi IPEUMYIIECTB HaJl CBUHLIOBO-
OnHako, MX NPUMEHEHHE B CHCTEMax 3JIEKTPOIUTAHMS KHCIIOTHBIMH, HO TPEOYIOT OOjee KECTKOro COOIFOAEHHS
TpeOyeT  WCIOJIB30BAaHMS  psAfa  JONOJHHUTENBHBIX  YCIOBMH  OKCIUTyaTallMM: IOJAEPXKAHUS  33JaHHOTO
CIIELMAIN3UPOBAHHBIX [Tpe00pa3oBaTeneil AEeKTPHUIECKON HarpsbkeHus Ha anemente Ab (DAB) Ha Bcem nHTEpBase
SHEPrHy KaK COIIacyIoUIMX — OOECHeyMBaIOIIMX CBS3b  3aps-pa3psgHOro Lukina. Tak, perilaMeHTUPOBaHHBIN
Mexay BCHD u cersto [1], Tak M CepBUCHBIX — paspaborunkoM quanazoH Hanpspkenus Ha LiFePOs DAB
obecrieynBaromMx  Oe30mMacHeIi  peXuM  paboThI cocrasisieT 2,0 - 3,65 B [3]. Boixoz 3a HUKHIOIO TpaHHUILY
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BBI3BIBACT MPEKICBPEMEHHOE «CTapeHue» Oarapeu, a
BBIXOJI 32 BEPXHIOIO — MOKET IPUBECTH K OKOHYATEIIEHOMY
BBIXOJ1y HAKOIIUTEISI U3 CTPOSI.

Momuele Ab mms BCHD u cucreM aBTOHOMHOTO

NIEKTPONIUTAHUSI  WCIONB3YIOTCA B BHIE  CTEKOB,
COCTOSIIINX u3 MOCJIEI0BATEIbHO-TIAPANIEIbHOTO
coequuennss OAB  (makomurenei). Bo Bpems ux

9KCIUTyaTallid BO3HUKAeT IpoOjeMa HEepaBHOMEPHOTO
paspsza  wiM  3apsna, IS KOMIGHCAMH  KOTOPOM
HEOOXOZMMO  BBINOJNHATH  OaJaHCUPOBKY  ypOBHEH
HanpspkeHust B DAB  creka. CymectByer OoIbInoe
KOJIMYECTBO CXEMHBIX PEIICHUH, OCYIIECTBIIOMNX
BBIPAaBHUBAHHE HANPSDKEHMS. YCIOBHO HX MOXKHO
pa3zenuTs Ha ABe OOJbIINE TPYIIIBI: CHCTEMbI TACCUBHON
U axkTuBHOU OamaHcupoBku. [lepByro rpymmy HHOTIA
Ha3bIBAIOT  «PE3WCTOPHOU  GamaHcupoBKOi»  [4-6].
[IpakTndyeckn Bca W30ObITOUHAs »dHEpPrusi Oarapeid ¢
TIOBBIIICHHBIM HAINpsHKEHHEM PaccenuBaeTcs B BHJE TeIUia
Ha PE3UCTUBHBIX PEryJUPYIOMNX JJIEMCHTAX, 4YTO,
0€3yCIIOBHO, SIBIISIETCSI CYIIECTBEHHBIM HEIOCTaTKOM
MaCCUBHOTO MeToza. Takoi MeTo1 0OBIYHO HCIIONB3YIOT B
HEJIOPOTUX MAJIOMOIIHBIX ycTpoiicTBax. [Ipn akTHBHOM
MeToze OamaHcHpoBKHU [7-15] mis mepemadnm SHEPTHHA OT
Gatapell ¢ M30BITOYHBIM 3apsAOM K MEHEe 3apsHKEHHBIM
GaTapesM HCIIOIB3YIOTCSl TPOMEXKYTOUHBII HAKOITHTENb
sHepruu. B kadectBe Takmx Oy(epHBIX BIIEMEHTOB
MIPUMEHSIIOTCS.  KOHAEHCATOphl WM  HMHAYKTUBHOCTH,
TIOTEPH PHEPTUH B KOTOPHIX HE3HAYNTEIBHBI.

Llenbto nmaHHOW pabOTHI SIBISETCS CPABHUTEIBbHBIN
aHanu3 3(pEeKTUBHOCTH CYIECTBYIOIINX CXEM aKTHBHOM
0aNaHCUPOBKM M ONpE/CICHUE YHUCICHHOTO 3HAYeHHUS
3¢ PEKTUBHOCTH MX HCIIOJIb30BAHHSI.

CucreMbl aKTHBHOI 02JIAHCHPOBKH C eMKOCTHBIM
Oydepusiv 3iiemenToM. [IpuHumn pabotsl Oanancupa
nosicasercss Ha puc. 1. Jlns mepenaun SHEPTHH MEXIY
nsymst DAB Bl u B2, 6ydepusrii konaencarop C1 cHagana
TIOJIKITFOYaeTcst ¢ moMonipto kirouerd S1 u S2 x DAB Bl
(Puc. 1, a). 3a Bpems A#1 (Puc. 1, B) oH 3apspkaercs 10
HanpspkeHust Ha DAB Bl — ugi. Ha crmemyromem srtame
pabotsl cxemsl (Puc. 1, 6), 3apsoKeHHBII 10 BEMUYUHBI Up:
KOHIEHCATOp moakmoyaercss kK DAB B2, umeromemy
MeHbBIINK 10 cpaBHeHuIo ¢ DAD Bl ypoBeHs 3apsa.

Uc Uc

Atl At2

B,
)
Puc. 1. Ilpuntun paboThl EMKOCTHOTO OanaHcupa

Cremayer OTMETHUTh, YTO AITOPUTM MEPEKITIOYCHHS
KOHJICHCATOPA [P IPOTHBOIMOI0KHOM 3HAYCHHH YPOBHEH
HanpsbkeHuit  akkymyssitopoB (DAb B2 umeer
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n30BITOYHEIA 3apsn, a DAB Bl — HenocTaTouyHbI) He
H3MEHSETCA, a 3TO 3HAYUT, YTO HET HEOOXOIUMOCTH
YETKOTO OmpeaelieHns — Kakoi w3 mapbl DAB mmeer
OoNpmIMA  ypOBEHb  HANPSDKCHUS, YTO  IO3BOJISIET
00X0anuThCs 6€3 JaTINKOB HAIPSDKSHNS.
MoauduipoBantas cxema OanaHcHpa C OJHHM
MEPEKITIOYAIONINMCS  KOHAEHCATOPOM, TpUBEJCHHAs Ha
pHC. 2, COAEPKHUT AATUNK, U3MEPSIONIUN HANPsDKCHUE Ha
KOHJICHCATOPE, Tl KOHTPOJIS 33 HAIIPSHKEHUEM Ha KaXKIIOM
u3 DADB creka. BriBoAbl aTuMKa MOKa3aHbl HA PUCYHKE
TepMUHAIAaMH + U Bamancup Tpebyer Hammuus
YABOCHHOTO, IO OTHOIICHUIO K KOJIMYECTBY AJIEMCHTOB
creka N, gmcna xmodeil mepemenHoro toka — 2*N. C
MTOMOIIBIO IBYX KITFOUeH Oanancupyrommid konaeHcarop C
MOJKET OBITh MOJKITIOUEH K moooMy u3 DAD creka.

S
1

[ s2]| s

B1
M Iy
|l

[+
Il
+

Puc. 2. MopuduumpoBaHHas cxeMa eMKOCTHOTO
Oamancupa

B cxeme (puc. 2) pemreHa npoOiema mepenavu
SHEPIHU MEXy IBYMsI TPOM3BONILHBIMU DAD cTeka, B Tom
YHCIIe, HaXOISIIUXCS Ha €r0 MPOTHUBOIIOJIOKHBIX KOHIAX,
MIOCKOJIBKY — TIpeoOpa3oBaTellb HMMEET  BO3MOXKHOCTh
LIETICHANIPABIEHHON — «aIpecHOI» mepeaauyud 3HEpPruu
MUHYS BKIFOUEHHBIE MEXIY «IOHOPOM» U «aKIEITOPOM>»
aKKyMyJATOpPBI. V3Mepsisi HanpspKeHHE Ha KOHJICHCATOope,
CUCTEMaA YHPaBJICHUA MOXKCET OIPCACIUTh TEKYIICC
3HaueHWe pa30aJaHCHPOBKH B creke. lcnonb3oBaHue
€/IMHCTBEHHOTO  MEPEKJIIOYAoNIerocss  KOHJEHcaTopa,
yIpoIIaeT Npouecc U3MepeHus HampspkeHus Ha DAb u
YMEHBIIAET  KOJMYECTBO  HEOOXOJMMBIX  J[ATYMKOB
HarpsHKEHHS.

Bcem cymiecTByrompM - cxemaM  OallaHCHPOB Ha
OCHOBE E€MKOCTHOTO Oy(epHOTro 3JIeMEHTa MPHUCYII
CYIIIECTBEHHBI HEIOCTATOK: 3apsa KOHAEHcaTopa Ipu
0TOOpE OT aKKyMYJIATOpa-JOHOPa N30BITOYHON SHEPTUH H
€ro paspsia BO BpeMsl Mepeiadrl SHEPTUH K aKKyMYJIATOPY-
AKICTITOPY MNPOUCXOAUT HEKOHTPOJIUPYEMBIM TOKOM,
(akTHUeCKH OrpaHMYEHHBIM TOJBKO  BHYTPEHHHMH
COTIPOTHBJICHUAMH  3JeMEHTOB.  TakuM  oOpazom,
OCHOBHBIM HEJJOCTaTKOM OaJlaHCHpPOB C EMKOCTHBIM
OydepubiM 31eMeHTOM siBisieTcs Huskuid KITJ[ cuctemsr
MPOMEXYTOYHOTO XPaHEHHUsT DHEPIHH, OIPEACNsIeMbIi
peXMMOM  3apsja KOHJAEHcaTopa C  PE3UCTHUBHBIM
TOKOOTPaHWYEHHEM M HEHOPMHpPYEMBIC TOKH B LETISX
3apsma.

CucreMsl AKTMBHOM 0aJIAaHCMPOBKHU c
MHAYKTHUBHBIM 0y epHbIM 3JieMeHTOM. JyaJlbHbIMU 110
OTHOUIEHHUIO K PACCMOTPEHHBIM BBIIIE, SABISIFOTCS CXEMBI
aKTHBHOW OanaHCHPOBKH, TAe B KadecTBe OydepHOro
9IIEMEHTA HUCIONB3YEeTCsl HHAYKTHBHOCTD apoccers L [16-
20]. Cxema GanancupoBku st N Gatapeii mpuBezeHa Ha
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puc. 3. Ona cocrout u3 N-1 npocceneii, HCIIONB3yeMBIX B

kadgecTBe Oy(epHoro rnmemenTa, u 2N-2 xirodei.
S3

S4

S1 S2
L3
Bl B2 B3
+
L1
S5 S6 S7

Puc. 3. Cxema akTHBHOTO OanaHcupa ¢
HEPEKITIOYAIOIIMHICS HHIYKTUBHOCTSIMHE

PaccMoTpuM npuHIMI GajJaHCHPOBKM Ha MpUMeEpe
nByx Oatapeii (Puc.4). Ing mepemaum SHEPTUU MEXKIY
nBymsi DAB Bl u B2 Gydepusbiii apoccens L1 cHavana
MoaKIroUaeTcs ¢ mnoMmompro kmoua S1 k DAB Bl
(Puc. 4, a). 3a Bpemst A¢1 (Puc. 4, 6) TOk B HEM HapacTaer
JI0 3a7aHHoOro 3Ha4deHus. Ha cnenyromem asrane paboThl
cxeMbl Af; npoccens L1 moaximodgaercs ¢ MOMOILBIO
kaoua S2 x DAB B2, mepemaBas eMy HaKOIUICHHYIO
SHEPTHIO.

B kadecTBe KIHOUYEH MOTYT OBITH HCIOJB30BAHBI
MOSFET-Tpan3uctopsl, kak moka3aHo Ha puc. 4, a. B
9TOM cCiIy4ae Ha BTOPOM IOJyHepHoJe padOThl CXEMbI
(uHTepBaNn Af) MOXXHO HE OCYLIECTBIATH YIIPABJICHHE
KITFOYOM S2, TOCKOJIBbKY HalpaBJIeHHE MPOTEKAHHS TOKA Iz
SIBIIACTCS TNPSAMBIM 110 OTHOLICHHWIO K JWOAY, KOTOPBIH
MPUCYTCTBYET BO BHYTPEHHEH CTPYKType TpaH3HCTOpa.

Pabora OanmaHcupa HATIOMUHAET paboty
00paTHOXOAOBOTO HIMPOTHO-UMITYJIbCHOTO
npeoOpa3zoBaTess, I03ToMy, OanaHcup MOXeT paboTaTh B
JIBYX PeKHMAX: IPEPHIBUCTOTO M HEMPEPHIBHOTO TOKA.

A

s

« «— N
Upy Ugz N
+0) >
L1 <
T

LUL . 7
12 A

- "

S1

S2

TUBZ tuaz'
4

Ar2
Ar2'

—

Arl

a) 6)
Puc. 4. Ilpunanun padoTts! npeoOpazoBaTens (a) U
JHarpaMMbl TOKa ¥ HalpsDKeHHUs: Ha OOMOTKe
WHIYKTHBHOTO OydepHoro 31eMeHTa (0)

B mepBom cimywae Bcsi sHeprus, Kotopas Oblia
HaKOIUIEHA B TEUYEHHE MTEPBOTO TIOJTYTIEPHOA, TEPEAACTCS
K aKKyMyJSITOpPY-aKIENTOpy 3a BpeMs  BTOPOTO
MOJIYIIEpHOa, M TOK Iz yCIEBAaeT CIacTh IO Hyst. Bo
BTOPOM PEXUME 32 BpeMs Atz K aKKyMYJIATOPY-aKLENTOPY
NepefacTcss TOJNBKO 4YacTb HHEPrHM, KoTopas Obuia
HaKOIUIEHa B TEYCHHE IIEPBOTO MOIyNepuoga M TOK
Jpoccelts K HyJIIO He cliajaeT. BTopoil pexum no3BoJIseT
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YMEHBIIUTh IyJIbCAIMM TOKA, OJHAKO, BBI3BIBACT
YBEIMUYCHNE MOIMHOCTH MOTEPh INPH KOMMYTAIllMHd B
KIIFOYaX, IIOCKOJIbKY KOMMYTAalusl TPOUCXOAWUT TpHU
HEHYJIeBOM 3HadeHHH Toka [21, 22].

AKTHBHbIE 6anaHcUpBI Ha OCHOBeE
MHOT000MOTOYHBIX TpaHcopMmaTopoB. OTaelIbHBIM
KJIACCOM aKTHUBHBIX OAJIaHCHUPOB SIBJISIIOTCSI CXEMBI, TIE B
KadecTBe Oy(epHOro sjeMeHTa JUIs Mepefavyd dHEPrHu
MEXIY Ab UCIOJIb3YETCS MHOTOOOMOTOYHBIH
TpaHcOpMaTop WM HECKOJIBKO TpaHC(OPMATOPOB.
Taxue cxeMHBIE pelIeHHs MO3BOJISTIOT COBMECTHUTH B cebe
(byHKIMK OaTaHCUPOBKH M CUCTEMBI 3HEPTOMEHEKMEHTa
Oarapen. B psme pabot [23-25] mpemmaraercs cxema c
TOMOJIOTHEH, MpUBEIeHHOM Ha puc. 5. B padorax [26, 27]
NpeAyaraeTcsi ~ BMECTO  HECKONBKHX  OTIENIBHBIX
TpaHc(opmMaTopoB UCTIONB30BaTh OJIH
MHOT00OMOTOUHBIA TpaHchopmaTtop. B sTtom cimyuae
JIOCTaTOYHBIM SIBJISIETCSI IPUMEHEHHE OJIHON BTOPUYHOU
oomotkn W, u muoma VDI1. Cxema mpeoOpaszoBarerns
BBINOJIHEHA T10 MTPUHIMITY 00paTHOXOJOBOW TEXHOJIOTHU
npeoOpasoBanuss W TpeOyer N xirouedd. [lpuHimmn
0aJlaHCHPOBKM PAacCMOTPUM Ha CIEIYIOIIEM IpUMepe.

IMpeamonoxnm,  9Tto  TpaHcopmMaropsl  HMEIOT
kodpdumment Ttpanchopmamm Kt=1 wu wu3MeHeHHE
HampspkeHnst OAB  Ha  wmHTepBane  OalaHCHMPOBKH

nperedpexxumo mano. Ilycts DAB Bl nMeeT H30bITOUHBIH
3apsi 1Mo cpaBHeHHIo ¢ apyrumu DADB creka B1-Bn. Ha
MEepBOM TakTe paboThl CXeMbl 3ambIkaercsi kimtod S1. B
MEPBUYHOM 0OMOTKE TpaHchopmaropa (MHTepBa {g - t1 Ha
puc. 6) HauUMHAET JMHEHHO BO3pPAcTaTh TOK OT HYJIEBOTO
3HAYCHUS 10 3HAYCHHS i1max. B 3TO BpeMsi MPOHCXOIHUT
HaKOIUICHHE DJHEPrMU B CEpJCYHHMKE TpaHchopMaTopa
TV1, u, cooTBeTCTBCHHO, yMeHbIeHue ee B DAB Bl.
Hanpsokenne Ha oOMoTkax Ttpancdopmaropa TV1 (ua
BCEX OOMOTKax B  cllydaeé MHOT0OOMOTOYHOTO
TpaHcopmaTropa) COOTBETCTBYET  HANPSDKCHHIO  C
MOJISIPHOCTHIO, YKa3aHHOW Ha puc.5 0e3 ckobok. K
muogam VD1-VDy mpuimoxeHo oOpaTHOE HamnpspKeHHE U
TOK BO BTOPHYHBIX OOMOTKAX B 9TO BPeMsi HE IPOTEKACT.

Ustack
Puc. 5. AKTuBHSBIH 6anaHcHp Ha OCHOBE 0OPATHOXOJI0BOH
TOTIOJIOTHH € BO3BpAIlCHUEM U30BITOYHOM SHEPTHH B
CTEK

B MoMmeHT BpemeHM ti BBIIOJIHSETCS OTKIFOYEHHUE
kmouya S1 M cMeHa HMHTEpBaJIOB pabOTHl OanaHcHpa.
Hanpspkenne Ha 0OMOTKax TpaHc(hOpMaTopa MEHsIET 3HaK
Ha IPOTUBOMOJIOXKHBIH (Ha puc. 5 yka3aHo B ckoOkax). Ha
BTOpOM TakTe paboTel (WHTEpBand BpeMeHH ti-1, Ha
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puc. 6) HauMHAeTCs HWHTEPBaJl BO3BpaTa HAKOILICHHOMN
SHEpruu K cTeKy B1-By.

A i

< > ot
o T4 4
a)
Uy A
i Us1
bt
UsBi
A4
< DT »e> (1-D)T
0)
Puc. 6. /IlnarpaMMsbl TOKa 1 HanpspKEHHUS Ha 0OMOTKax
TpaHchopmaropa
JuarpaMMbl TOKOB M HAaIpsHKEHUS Ha pHC. 6

WITIOCTPUPYIOT COOTHOIICHUE BPEMEHHBIX WHTEpBaJlax
npu K03 duIreHTe TpaHchopmanun Kyp=1.
CoorHoenne uHTepBaIOB fo -ty u t1 -1 ompenensercs
COOTHOIICHHEM CYMMAapHOTO HampsDKeHHs CTeKa K
HAaNpsDKEHUIO Ha  akkymyJsstope-fgoHope.  CpenHee
3HAYCHHUE TOKa i1av, XapaKTePU3YIOLIee CKOPOCTh paspsiaa
aKKyMYJIATOpa-JIOHOpa Ha MEpPBOM HHTepBaje paboThI
CXEMBI U CpeJJHee 3HAUCHHUE TOKA Izay, XapaKTepU3yromee
cKOpocTb 3apsina DAD cTeka cocTaBIsSeT, COOTBETCTBEHHO

L DT, B
2
ay = T-@-D)-in, (2)
2

W3 anamuza (1) u (2) u puc. 6 BUAHO, YTO CKOPOCTh
paspsaa akKyMyJsiTOpa-AOHOPa BBIIIE CKOPOCTH 3apsijia
moboro m3 DAB creka. DTO omnpenensieT JKeCTKHe
TpeOOBaHUS K CHCTEME YIpaBJICHUS! OalaHCHPOM IpH
paspsne Ab, B cirygae HEOOXOIMMOCTH TIPEIOTBPAIICHUS
CHIDKEHUSl HanpsbkeHus OADB creka HuXKe TrpaHHLbI
JOIMyCTAMOTO Anamna3oHa. [loCKONbKYy Ha HMHTEpBaje
Bpemenu t1 -t (puc. 6) mpoucxomut 3apsg Bcex DAB
CPEIHAM TOKOM BEJMYHHOM izay, B TOM dYHCIE, H
aKKyMyJSITOpa-IOHOpa,  KOTOPBIH  paspsokaics  Ha
OpeAbIAyIIeM  TakTe  paboThl  CXEMbI, 3HA4YCHHE
SKBHUBAJICHTHOTO CPEJHETO 3HAYCHHS Pa3psAgHOIO TOKa
JIOHOPA JIOJDKHO OBITh CKOPPEKTUPOBAHHBIM Ha BENUYHHY
3apsAAHOTO TOKA!

~ . . _(2D-1)-T-i, ©)
hay =hay —hay =
2

Anaiaus 3¢pdexTnBHOCTH Oy hepHBIX 3JIEMEHTOB B
cXeMaX aKTHBHBIX fajaHcupoB. Kak oTMedanocs BeIIie,
nepenada dHepruu Mexay OADB cTeka mpu akTHBHON
OamaHCHPOBKE, BHITIOIHACTCS C IIOMOIIBI0 HHIYKTUBHOTO
WK eMKOCTHOro OydepHoro snemeHTa. Paccmorpum
MIPOIIECCHI, TPOTEKAIOMINE B IETSIX Mepeadd YHEPT UM IS
IByX THMOB OydepHbIX s1emMeHToB. Ha pwmc. 7,a, 0
NPUBEJICHbI YIPOLIEHHbIE CXEMBI Lienel 0aJaHCUPOBKU U
ux OIICPATOPHLBIC CXEMBI 3aMCUICHHUA Ha Jramax
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HaKOIUICHWA OdHeprum (puc. /,T,€) W ee TIepenadyn
(puc. 7, B, m). Bemosasercs ycnmosue Ugy >Usg;.

R1 R2 R,
-(+
B1 cl+ B2 Bl
m )

Upy Us2

)
)

+(-

6
R1 U U R2 R1 i R2
PP oL
EL L E2 E pL E2
P PC 1 P p p
pC
0 e

Pucynok 7 — K ompenenennro 3¢ (heKTHBHOCTH THIIA
OyepHOTO 271EeMEHTa

Jiist cXeMbI ¢ eMKOCTHBIM Oy(epHBIM 3IIEMEHTOM, B
YCTAHOBUBILIEMCSl PEXHMME, Ha WHTEPBajJe HAKOIUICHHS
SHEPruy HaYaIbHOE 3HAUCHUE HATIPsDKEHUs Ha OydepHOM
anemente  cocraBmier Usi  (puc. 7, B). Torna,
ONEPaTOPHBbIE YPABHEHHUS, OIHCBHIBAIOIINE MPOIECCHI
3apsiia EeMKOCTH OMHUCHIBAIOTCS CIIEIYIOLIMM 00pa3oM:

g_g. 4
Ny @
C_ch 1

R2+—

pC

E2_El

PP

R2+p% 5
Ucich: pC ()

[Tocne BbIIONTHEHUS O6paTHOl"O HpeO6pa3OBaHI/IH
J'Iannaca, TIOJTYYUM UX OPUTHHAJIBI
t

| _e°™(E2-ED; (6)
C_ch R2
t
Uec o= —[e”z —1] (E2-E1)+E2. ()

Ha wHTepBane mnepemayd SHEPTUM OMEPATOPHEIC
YpaBHEHUsI, OMUCHIBAIOLIUE MPOLIECCHl pa3psaa eMKOCTU
OTIHMCHIBAIOTCS CIIEAYIOMIAM 00pazoM

EL E2. -
IC_disch = P f ,
R1+—
pC
El_E2
PP
R1+i
o\ C (9)
C_disch —
pC
[Tociie BbIMOMHEHHMS OOPAaTHOTO TPEeoOpa3OBaHUS
Jlammaca, mOTy4YrM MX OPUTHHAIIBL:
t
e R (E1-E2): (10)
ICidisch = o,
R1
t
Ue gisan = El—[e cRl —1]-(E2— E1)’ (11)
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Jlist cXeMbl ¢ HHIYKTUBHBIM Oy()EpHBIM 3JIEeMEHTOM
Ha MHTEPBaJic HAKOIUICHHS YHEPrHH HAYaIbHOE 3HAYCHHE
Toka B OydepHOM »3IeMeHTe OTCyTCTBYeT (puc. 7, e).
OmneparopHble YpaBHEHHS, OINMCHIBAIOLIME IPOLECC
HAaKOIUICHUS DSHEPIMH B HWHAYKTHBHOM OydepHOM
ajeMeHTe  (IpollecC  pocTa  TOKa)  OMUCHIBAIOTCS
CIIAYIONINM 00pazoM

E2

|, =P
L_ch =

- R2+ pL
[Tocne BbITIONHEHUST OOpaTHOTO MpeoOpa3zoBaHMs

J'Iarmaca, IIOJIYYUM MX OPUTHHAJIbI:
t-R2

(12)

E2-le - -1
I =" (13)
- R2
Ha wuHTepBame Iepemadnd SHEPTHHM ONEPATOPHOE
YpaBHEHUE, OITMCBIBAKOIICE npomnecc CIraga ToOKa

WHAYKTUBHOCTH, OTACHIBAETCS CIIEIYIOIINM 00pa3oM:

R1+ pL

ITocne BbIMONHEHNS 0OpaTHOTO MpPeoOpa3OBaHUA
Jlatutaca, TONYyYMM OpWUTHHAI TOKAa HMHIYKTHBHOTO
Oy(epHOTO SIIeMeHTa:!

(14)

ILidisch =

—RLt —RLt
El-e b —E1+Rl.i,-e - .
R1

Takum o6pa3zoMm, TOk B Oy(epHBIX »IEeMeHTaxX
U3MEHSETCS 10 3aKOHY:

(15)

ILidisch =

t
5 o .
ﬂ, npu t<T/2 » (16)
Io(t) = . R2
CCRL.(E1—
e M(E1ZB2) T
R1
_tR2
Ez-[e - —] a7
_ ) t<TR
()= R2 "
Rut Rt
el — dqoee b
El-e E1+Rl-i,-e nput>TR2
R1
BeimonauM  pacuer 3((EeKTHBHOCTH NPUMEHEHHS
pa3NUuHBIX THIOB  Oy(epHBIX  JNEMEHTOB MyTeM

CpPaBHEHUsSI DHEPrHM, TIEpeAaBacMoOil 3a OJWH TakT
peoOpa3oBaHus MPH YCIOBUU PABEHCTBA JCHCTBYIOIINX
3HaueHuil TokosB I, lc.

[Mycth, mpoucxoaut GamancupoBka aByx LiFePO4
Ab c MIPEAEIBHO JIOITYy CTUMBIM ypOBHEM
pa3banaHCHpOBKM (B 3TOM ciydae OyIeT JOCTHTHYTa
MakcuMasbHast 3 (EKTUBHOCTh EMKOCTHOTO OanaHcupa).
3amanuMmcs  eMKocThio  OydepHOro  KOHAEHcaropa
C =100 mx® u mHampspxkenneM Ha DAB E1=2,0B; E2 =
3,65 B.

BennuuHa sHeprum, KOTopas IepemaeTcs 3a OJHH
TaKT pabOTHI CXEeMBI COCTABIISCT:

C-(E2-E1)" 100-10°-(3.6-2.0)
2 2

W, = 13610 o (18)
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OmnpenenmM nelicTByOIIEe 3HAYCHNE TOKA ¢!

T
¢ rus R lellczdt =954
0

OnpenenuM mapameTpsl HHIYKTHBHOTO OyQepHOro
JJIEMEHTa, KOTOpBIH OOECHeYlT Takoe e 3HauyeHHe
JIEMCTBYIOIIEr0 TOKA Ha TOM JKe 4acToTe peoOpa3oBaHMs:
Icrms = ILRrMs;

AMIIIUTYTHOE 3HA4YEHHE TOKAa B HMHAYKTHBHOCTH
COCTaBIISIET

(19)

I, =lcaus - V/3=9,5-4/3~16,54. (20)

[Ipwn ypoBusix HanpsbxeHns Ha DAB E1=2,0 B; E2 =
3,65 B, mms paboTel CXEMBI B peXHME NPEACTHHO
MIPEPHIBUCTOTO MAarHUTHOTO MIOTOKA, IPOJOIDKUTEILHOCTD
HaKOIUIEHHS 3HEPTUU B MHIYKTUBHOCTH COCTaBIISET
t = El
‘" El1+E2
rne E1, E2 — 3HayeHHe HampsDKEHUS Ha aKKyMYyJaToOpe-
JIOHOPE U aKKyMYJSITOpE-aKIENTOpPEe COOTBETCTBEHHO;
T —nepuox mnpeoOpa3oBaHus, UIS JAHHOTO IIpUMepa
T = 60 mkec.

(21)

t = 2
“ 2+365
Omnpenenum 3HaueHne Oy(hepHOH HHAYKTUBHOCTH L,
TOK B KOTOPOH BO3pacTaet J1o 3Ha4eHus |y 3a Bpems ty mpu
MIOJIKJIIOYEHHUH €€ K ICTOYHUKY HarpspKeHus £2

-60-10°=21-10"¢c (22)

Lo E2,. (23)
Im
. . -6
_365-21-10° _ 6.6-10° I (24)
16,5

OmnpenenuM BeJIMYMHY SHEPIUH, IepeaaBaeMoil 3a oJHH
TakKT pabOThI HHAYKTUBHOTO OaaHCHpa B pACCMOTPEHHOM
BBIIIIE TPUMeEpE:
L-1,° 66-10°.16,5
2 2

ITpn ycioBUM MPHUHSATOTO BBIIIE IPEIIOIOKEHUS O
paBeHCTBE JCHUCTBYIOMINX 3HAUCHHA TOKAa OallaHCHPOBKH
M 4YacTOTBl MpPeoOpa3oBaHMs, MOXXHO JaTh OLCHKY
3(G(PEeKTUBHOCTH  €MKOCTHOTO M HHIYKTHBHOTO
Oy(depHOro »sJEeMEHTAa CXEMbl aKTHBHOTO OajaHcupa
cpaBHUB 3HaueHust sueprui W 1 We

W, = =9-10"* Jforc - (25)

W, _ 910° (26)
W, 136-10"
[Tonyuyennoe 3Ha4YEHHUE XapaKTEpU3yeT

3¢ (PEeKTUBHOCThP TPUMEHEHHS B CXeMaX aKTHBHOTO
0anaHCHPOBKHM MHIYKTUBHOTO Oy(depHOro sjneMeHTa Mo
CPaBHEHHUIO C eMKOCTHBIM. [Ipu yMEHbIIEHUH BEJIMYHHBI
pasbanancuposkn DAB Bl, B2 orHomenune (26)
3HAQUUTEJBHO YBEJIMYHMBACTCS, U JIOCTHTaeT CBOETO
MaKCHUMaNbHOro 3HauyeHus (mopsaka 1000) mpu ycaoBun
Ug: = Ugz = (Umax = 3,65 B). Kpome ykazaHHOro BbIIE
KpHUTEpus, CileayeT oOpaTWTh BHHMaHWE M Ha (GOpMBI
3apsiTHOTO M Pa3psiiHOTO TOKOB IIPU  HCIIOJIB30BAHHUU
€MKOCTHOTO ¥l HHIyKTUBHOTO Oy(EepHBIX 3JIEMEHTOB:
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Uc, le

lemax

\4

0)
Puc. 8. MamuHorpaMMBbl TOKa ¥ HanipshkeHus 0y(hepHOro
KoHIeHcaTopa (a) u 0ydepHoit HHIYKTHBHOCTH (0)

AMHHI/ITy}:[HOC 3HA4YCHHEC TOKa B cxemax C
eMKOCTHBIM  OydepHsiM  amementoM  (puc. 8, a)
OTPaHUYEHO  JIMIIb  BHYTPEHHMMM  IIapa3sUTHBIMHU

COMPOTHUBJICHUSIMU DJIEMEHTOB cxembl. llosTomy, mpu
OTHOCHTEIIEHO OOJIBIIIOM 3HAYCHUU Pa30aIaHCUPOBKH, B
ameMeHTax cxembl (B ToM umcie AB) Bwigemsercs
3HAYNTENbHAS BEIMYMHA DHHEPIMH TIOTePh B BHUIE
TEIUIOBOH SHEPTHWH, YTO HETaTHBHO CKa3bIBacTCs Ha
mapameTpax AB. Beicokas CKOpPOCTh HapacTaHHsS TOKa
OTPHIIATEIIFHO  CKa3bIBaeTCSI Ha  DIEKTPOMATHUTHOU
COBMECTHUMOCTH OallaHCHpa C OCTaJIbHOI SJIEKTPOHHOU
anmaparypoil. AMIUNTUTYAHOE 3HAYCHHE TOKa B CXeMe Ha
OCHOBE MHIYKTHUBHBIX Oy(depHbIX sieMeHToB (pHc. 8, 0)
OTPaHUYCHO BEIMYMHOW HMHAYKTUBHOCTU. OHO MOXKET
OBITh PACCYMTAHO HA dTAIe MPOCKTUPOBAHUS YCTPOHUCTBRA.
Kpome Toro, obecniedyeHue CcUCTEMOH ymHpaBlICHHs
TPaHUYHO-TIPEPHIBUCTOTO pexxuma paboTsl
npeoOpazoBarens MO3BOJISIET YMCHBIIIHUTh
KOMMYTAIIMOHHBIC TIOTEPH B CHJIOBBIX KITFOYaX CXEMBI H
MTO3BOJISICT MTOBBICUTE APPEKTHBHOCTH PAOOTHI B I[CIIOM.

BbiBOABI. BesonacHocTh HCIIOJIb30BAHUSA
AIEKTPOXUMUYECKUX HAKOMHUTENeH TpeOyeT MpUMEHEeHHS
CHETMANM3UPOBAHHBIX ~ OaJaHCHUPYIOMIHUX  yCTPOMCTB.
Haubonee 3ddekTuBHBIMH, ¢ SHEPreTHUYCCKOW TOUKH
3peHHs, SBIAIOTCS CHCTEMbl AaKTUBHOW OalaHCHPOBKH.
AHanu3 MareMaTHYecKoil Mojenu padoThl JBYX THUIIOB
Oy(epHBIX 3JIEMEHTOB (EMKOCTHOTO W HWHIYKTHBHOTO)
TIO3BOJIHII JaTh KaueCTBEHHYIO OIICHKY ux
s¢pexTuBHOCTH. EMKOCTHBIE, TI0 CpaBHEHHIO C
WHAYKTUBHBIMH — HE TOJNBKO WMEIOT  XY/AIIHNE
SHEPreTUYECKUE XapaKTEPUCTHKH, HO W HE TO3BOJISIOT
BEINIONIHATh ~ «MAaCIITAa0MpPOBAaHUE»  YCTPOHCTBA  0Oe3
CYIIECTBEHHOTO YCIOKHEHUS CHCTEMBI YIIPaBICHUSI.

[Ipu OompmiomM KoNMUecTBE HakomuTenei (Oomee
TpEX) cIeqyeT OTAAaTh MPEIIIOYTeHIE TPAHCPOPMATOPHBIM
cucreMaM  OaJaHCHPOBKH,  SBJIAIONIMMCSA  YaCTHBIM
ClTydaeM HHIyKTHBHBIX CHCTEM.
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Steady state performance improvement of state observer based drive systems under load
variation conditions
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Annotation: DC drive systems are extensively employed in various industrial applications, particularly in heavy
industries such as paper and steel plants where they are characterized by joint elasticity and some aspects of non
linearity; this is mainly due to the long shaft coupling the driving motor and the load. These inherent properties make
the drive system very sensitive to load changes and variation, for which the widely used PI controller cannot withstand
alone to accurately track these variations leading to a substantial effect on the quality of final product and can even
influence the stability performance of the feedback control system. In this paper we study the accuracy performance of
those systems when subjected to suddenly changed load torque; where a feed-forward compensating technique is used
to alter the whole feedback control system which allows for compensating the effects of these changes and variations.
Furthermore, an improvement of system’s order of astatism as well as its steady state performance is achieved. The
simulation results have shown a noticeable and important achievement of this objective.

Key Words: Direct-current (DC) drive, proportional-integral (PI) controller, state observer, load torque variation,
steady state performance, Order of astatism, Feed-Forward compensation.

Introduction. A high performance motor drive system to control the operating speed of the drive motor. In
requires good dynamic speed control, accurate tracking effect, the use of this control algorithm alone in these
and load disturbance responses. The superiority of torque- industrial conditions and circumstances may be
speed characteristics offered by the separately excited DC  effectively justified in the case of small change or
motor, which provide excellent speed controllability variation of system load torque provided that an
regarding the precise, wide, simple, and continuous appropriate controller tuning method is used such as,
control characteristics; have made this type of motor minimax, GA and PSO, FL [2-8]. Unfortunately, in event
drives still employed in a multitude of industrial and of substantial speed and /or torque variation, this
manufacturing processes such as pulp, paper and steel conventional controller become unable alone to track
rolling mills, conveyors, mining, robotics, electrical accurately these variations and preventing, therefore, the
traction and other applications where speed and position  deviation from the desired performance [9].

control of the motor are required [1]. Regarding the To cope with this serious control problem, researchers
extensive employment of these electromechanical drive have, continuously, worked to design compensating
systems, the need to improve their control quality and control techniques and ensuring, therefore, high
performance for these industrial applications is crucial. operational performances.

The objective is to increase the production quality of In this vein, the design and implementation of state
industrial processes and to use rationally the material observer based drive control system represents the best
resources of these industries. From the technological and choice that preserves simplicity, reliability and cost
economical viewpoint, this issue becomes persistent and effectiveness of the whole drive control system [10, 11].
mandatory in view of the fact that these DC drive based This, however, did not definitely solve the problem of
control systems are characterized by joint elasticity and enhancing accuracy performance and following with high
some aspects of non linearity; due mainly to the long shaft  order of astatism the changed load torque even with the
coupling the driving motor and the load. These inherent  optimally tuning of the PI speed controller [6], [12].
properties make the drive system very sensitive to even Attention is, particularly, given to this subject
small load changes and variation, and therefore can throughout the multitude of methods and techniques
greatly affect the quality of the final product and even which are proposed in literature. In this vein we can find
influence the stability performance of the feedback control the use of proportional gain method [13], the integral
system, where the PI control algorithm is widely exploited  control technique [14], sliding mode control (SMC) [15,
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16, 17, 18], adaptive sliding mode control method [19, 20,
21], adaptive neural network (NN) control method [22,
23] and fuzzy-neural networks hybrid controllers [24-26].

Besides all these methods, the feed-forward
compensation is an alternative approach widely employed
to enhance the quality and performance of control system
in different engineering branches. It consists of altering
the structure of the control system by adding a
compensating branch in the forward path of the closed
loop system. Many techniques have used this approach to
improve the tracking and accuracy performance of
feedback control systems. In the literature, we can find the
use of Neural Network (NN) based feed-forward method
[27], the Fuzzy logic control [28], and the optimal transfer
function feedforward compensator [9]. Other forms of
feed-forward compensators are also studied in [29].

As a continuation to the work done and published in
[9], where the effect of input reference changes on
systems stability and accuracy performances have been
studied and improved by the use of the proposed feed-
forward compensating control technique, in this paper the
same compensator is applied to improve both accuracy
performance of Pl speed controlled and reduced order
state observer based DC drive system particularly
designed for steel and paper rolling mill industrial
applications when subjected to load torque sudden
changes. Therefore, its structure is organised as follows:
section 2 is devoted to present the DC motor model that is
used in the drive as well as its speed control functional
structure. In section 3, the accuracy performance due to
variable load torque is theoretical assessed and analysed,
and in section 4, the proposed feed-forward compensator
is explained and applied to achieve improvement of
system’s accuracy performance, a fact that is justified by
the simulation results. Finally, the potential control
performance and quality that can be achieved with the
proposed compensation scheme is pointed out in the
conclusion.

Description of dc drive control system

1. Model of the dc motor, In this study, the DC motor is
used to drive a mechanical load characterised by the
inertia J and load torque T, , which is taken variable.

The dynamics of this electromechanical system is
described by the following equations [30]:

dl,

Vya=Ryla+L,—2+E;, Q)
dt

T, =3%0m oy 4T, @

Eb = Kb(,')m (3)

Te =K1, 4

Where the physical parameters are:
V, : The input terminal voltage (source), (V); E, : The

back e.m.f, (V); R,: The armature resistance, (Ohm);

lo : The armature current (Amp); L, :The armature

nductance, (H); J :The inertia moment of the motor rotor
and load, (Kg.m?); T, :The motor torque, (N.m); oy, :

The speed of the shaft and the load (angular velocity),
(rad/s); B, :The coefficient of viscous friction of the

mechanical system, (N.m.s/rad); K, : The motor constant

(V.sirad); K, : The torque factor constant, (N.m/Amp).

2. Structure of the control loop, the closed loop control of
the drive system has basically two feedback loops; the
outer loop is a speed feedback loop consisting of PI type
controller, and an inner current feedback loop of PI type
controller. The speed controller output is the reference for
the current controller and the output of the current
controller is the input to the pulse width modulated
(PWM) generator that controls the motor input voltage,
with the speed and current feedback signals are supplied
via the designed reduced three order state observer [10].

The elaborated block diagram of the whole studied
control drive system is as depicted in Fig.1.

LS
s
Speed P

Step

SOBSRVER 3

Mkl W

f ViR

Fig. 1. Simulink block diagram model of Pl speed
controller and reduced order state observer based
DC drive system

Effect of load variation on system’s accuracy. To study
the effect of load torque disturbance on the accuracy
performance of the drive speed response, we consider
representing, in the frequency domain, the block diagram
of fig.1 by the general block diagram of fig.2.

R(s) ~ E(5) N Y(s)
- —»{G,(s) G,(s) >
Yes (S)

A

Fig. 2. General block diagram of DC drive control system
with load disturbance account
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With R(s) and D(s) represent, respectively the reference
input and load torque disturbance signals. Y (s) and Y (s)
are, respectively, the actual and estimated output speed
signals. E(s) is the tracking error signal of closed loop
system. G.(s), G,(s) and H(s) are, respectively, the

corresponding transfer
functions of the controller, the controlled plant and the
state observer (the feedback path).

According to this simplified block diagram, the
control tracking error can be defined as:

E(S): R(S)_Yes (S) 5)

: R(s) H(s)G» (5)D(5)

) 06,0 T A6
Also:

E(s)=Er(s)+Ep(s) )
Where:

S)= R(S) is the tracking error due to
) L . 16 © ek e et
the input reference signal and
Ep(s)=— H(s)Gp (s)D(s) is the error due load

1+ H(s)Gc ()Gp (5)
disturbance signal.
If we define the transfer functions Gg(s), Gp(s) and

H(s) as:

mc mc-1
Ge (5)= Ne(s) _ Bpes™ +bpe g™ +...+ by,
s Dc(s) s (ancsnc A S" T L aOC)
mp mp-1
Gos)= Np(s) BrpS™" +Bpp-a8™" "+ + by
P - - _
s**Dp(s) s* (anps”p +a s L+ aop)
mh mh-1
H(s)= Nu(s) _ bpns™ +bpp g™+ + by
s Dy (s) s (anhsnh +ag s 4+ aOh)

Nov(s)
s“Doy (s)

2 m
GoL(s)= =KOL,(1+b_LS+bzs +..+Dbpys )

(8)

The parameter ‘o’ is called the order of astatism of the
open loop transfer function of the system Gg (s), which
physically represents the number of integrators in the
forward path of the feedback system.
Accordingly:

R(s) R(s)

Er(s)= = 9

=) 1+ H(s)Gc (s)Gp(s)  1+Goy(s) ©

Considering the fact that the system is initially operating

under the step set point applied at the input reference and

using the final value theorem, the end result of steady
state error due set point input can be expressed as:

COS(X+1

‘Sa + KOL i

s“(1+ S +ays +.. + ans”)

eRss = |lim
s—0

(10)

56

On the other hand, the tracking error due to load torque
disturbance can finally be expressed as:

Ep(s)= $%C D (s)Np ($)NK (5) D(s)

No (s)+5“Do (s)
Obviously, the total tracking error strongly depends also
on the form of input disturbance signal D(s).

Consequently, to study and analyze the effect of sudden
changes of this disturbance signal, the following
polynomial form of order ‘q’ in the time domain is being
used to simulate a variable load torque.

d(t):tq—q!u(t):Cq.tq.u(t),t20

(11)

(12)

with C,

constant and the unit step function.
In the frequency domain, this disturbance signal is
expressed as:

and u(t) represent respectively an arbitrary

Cq
Sq+1

D(s) (13)

Assuming the stability of the system and using the final

value theorem, the steady state error can be evaluated as:
D

ePss =eP(w)= lim eP(t)= lim sEp(s) (19
t—w© s—0
C KyK
ePss = lim - ‘(—)h s*C (15)
s—0 Sq S +KOL
With K,, Kyare respectively the static gains of the
transfer ~ functions  Gp(s)and  H(s),  where

KoL = KKKy, represents the static gain of the open

loop transfer function.
The total steady state error is then expressed as:

a+1 CquKh(Sac)
‘S + KOL ' Sq isa + KOL i
In order to study the effect of load torque changes, the
stimulating standard input signals of step, ramp, parabolic
and order three polynomial, which are respectively
corresponding to the cases of q=0,q=1,g=2andq=3
in (13) are used, where the theoretical values of steady
state error of systems having order of astatism 0, 1, 2, and
3 are calculated and summarized in Table.
This theoretical evaluation and assessment of system’s
accuracy performance regarding the variation and changes
of load torque are being simulated using the system at
hand.

Obviously, this system which has an order of astatism
equals two, cannot respond accurately to the changed load
torque.

Improving system’s accuracy by feed-forward
compensation. Theoretically and according to the results
of Table above, we notice that the higher the order of
astatism of the system, the better is the accuracy of the

system response to load torque variation (ePss=0).
Furthermore, it is possible to improve, for a given load

lim
s—0

= lim
s—0

(16)
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torque, the accuracy of the system response which has non
zero value of steady state error by increasing the static gain

(KoL ) of the open loop transfer function.

Values of steady state error according to systems order of
astatism and load torque form

Table
Order of
astatism a=0 a=1 a=2 | a>3
(a)
St CoK,K
DA L LR ) 0 0
(Q—O) 1+ KOL
Ramp Ki
(q=1) | ® K, 0 0
Parabola K> 0
(q=2) |~ * Ke
(g=3) | o 0 0 0

The simulation results showing the corresponding speed
error response are depicted in Fig.3.

Time f5

Fig. 3. Speed tracking error response of Pl and reduced
order state observer based DC drive system due to load
torque changes

Unfortunately, improving the system accuracy by
either increasing the order of astatism (adding more
integrators), or increasing the static gain has an explicit
degradation effect on the phase margin and renders the
system unstable [7, 10].

To solve this problem, we propose, in this paper, a
feed-forward compensating technique to improve
accuracy performance and order of astatism for systems
subjected to sudden load torque changes. The block
diagram showing the simulation of this technique under
simulink program is depicted in Fig.4.
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Step

Speed PI

DC motor

S0BSRVER 3

ikl W)

1 [Load Torque]

dens)

kW R

T

|

Fig. 4. Block diagram of Pl and state observer of
order 3 based DC drive system with feedforward
compensation

Using this technique, we propose to introduce in the feed
forward path the compensating transfer function of a
general form given by:

K¢S
Tee(s)= S_jl

Where the constant Kq is determined by solving the

17)

square of error based minimization problem described as
follows:

min i, (Kqe? ) (18)

Where e(t)represents the tracking error signal of the

system.

Using the Matlab function “fminsearch” from
optimization tool box and the simulink environment, the
constant is found to be Ky =0.5437which completely

identifies the transfer function of the used feed-forward
compensator.

This optimal transfer function is then applied and the
whole system is simulated under the load torque form that
has previously resulted in constant and nonzero steady
state error. The simulation result that shows the error
response before and after compensation is depicted in
Fig.5.

Interpretation and discussion of results. These
simulation results of tracking error responses of the
studied system reveal significant differences before and
after applying the feedforward compensator. Accordingly,
constant and divergent steady state errors before
compensation are enhanced to respectively zero and
constant errors after compensation. This means that the
system’s order of astatism has been increased with
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guaranteed accurate and stable steady state response to
load torque variation.

— Emor Response of =2 Before . Compensation
— Emor Response of .=  Before F.F Compensation
— Ermor Response of =2 Afer . Compensation
=== Eror Response of = Afer F F Compensaion

Tracking Error (rad/=)

Time

Fig. 5. Achieved improvement of DC drive system
Accuracy and order of astatism under load torque
changes using feedforward compensation

Conclusion. In this paper, the reduced order state
observer is particularly designed to cope with some
inherent properties resulted of using DC drive systems in
some applications of the industrial sector, such as paper
and steel rolling mills, robotics, electric traction and else,
where these systems are implemented around the PI speed
controller.

The whole system is considered for accuracy performance
improvement and optimization regarding sudden change
conditions of load torque.

Firstly, a thorough theoretical analysis and assessment
of system’s accuracy performance under the effect of load
torque change is discussed. These theoretical results have
then been verified by simulating the system at hand for
different load torque profiles tracking capability. The
proposed feedforward compensator is applied for the
purpose of achieving accuracy tracking and robustness
against sudden load torque variation. The simulation
results have mentioned the effectiveness of the applied
compensator in reducing to zero, particularly the constant
steady state error and compensating to a constant level the
divergent error value of the steady state response.

These important results reveal the significant
improvement of particularly the system’s order of astatism
and accordingly its steady state accuracy performance due
to load torque sudden changes with guaranteed system
stability.
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Introduction. Energy systems of developed countries,
especially European countries [1], are moving towards
"3D" Power Grid — Decarbonization, Digitalization, and
Decentralization. Decarbonization [2] — in order to
reduce CO; emissions into the environment, a power
industry is abandoning hydrocarbon natural resources
and gradually moving to cleaner renewable energy
sources (RES), such as sun, wind, water, etc. Power
plants that run on solar and wind power are highly
weather-dependent technologies, which introduce many
disturbing influences on the generation of power
systems.

For the prompt execution of actions that support the
normal operation of a power system, it is necessary to
obtain timely data on the processes of generation and
consumption, here they solve the problems of
Digitalization technology [3], which include Smart Grid
and other technologies for intellectualization of control
and management [4,5]. In addition to digital control of
RES, they imply the digital exchange of data between
all agents of the power system with their subsequent
processing for optimal energy-efficient management of
energy resources, power flows, and other processes. The
digital online data exchange of the power system agents
allows achieving the most accurate maintenance of the
power and frequency balance in the power system.

A difficult problem to be solved is the scale of the digital
management platform of the unified electric power
system, which needs to be created and maintained.
Computing devices on this scale would be extremely
complex and expensive. A reasonable step to resolve
this issue would be the transition from an established
centralized model of the power system to a
Decentralized one, in which the processing of
information flows will be carried out starting from the
primary local levels, i.e., the “bottom-up” management
model. Decentralization [1,6-16] presupposes the
division of the unified power system into a local “power
energy hub”.

Purpose of the work. The aim of the work is to
determine the rules and boundaries for the formation of
power energy hubs in the development of a
decentralized model of the power system, or in the
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transition of an existing power system with a centralized
control model to a decentralized one.
Agents of the energy system. Agents are all technical
objects of the energy system that generate, transform,
transit, and consume electricity. These agents are:
1) Basic generation power plants;
2) Installations of highly maneuverable generation
(thermal power plants, hydroelectric power plants,
pumped storage power plants, gas-piston plants);
3) Renewable sources;
4) Consumer’s regulators (those that can be regulated
by the power system);
5) Household consumers (consumption that has a
stochastic consumption trend);
6) Energy storage systems  (reserve highly
maneuverable capacity, stabilization of the renewable
energy generation schedule[17]);
7) Distribution substations;
8) Inter-hub substations.
All these devices are called "agents" because they
implement the basic processes of generation,
transmission, distribution, and consumption, and are
united by a control digital platform [18] (transiting and
receiving information about the current state and about
the actions to be performed).
Power energy hubs Power energy hub [9] can be
defined as a part (area) of the power system in which
various agents of the power system are combined, and
in which flows of electricity can be generated,
converted, transmitted, distributed, consumed, and
accumulated in accordance with the demand in an
optimal way.
Types of power units. Since the power unit, in its
essence, is a reduced copy of the power system, the basic
functional principle of its operation is the same —
simultaneous generation and consumption of electrical
energy, which is reflected in the balance formula:

RO -PR®=0>KB®=R® 1)
where
P, (t) — generation power,
P.(t) — power consumption.
With equal generation and consumption, the main
requirement is satisfied — the balance of capacities, and
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such a power energy hub is called Balance [7]. If there
is a deviation in the direction of generation or
consumption, the balance will not be observed and such
a power energy hub will be called, respectively, Excess
or Deficient [7].

The largest power energy hub can contain all the agents
of the power system at once. Fig. 1 shows a graphical
representation of a universal power energy hub.

Distribution technology

Fig. 1. A universal model of the power energy hub

Mathematically, such an energy unit can be expressed
by the formula 2:
i

VH, = Z{Ai} >1npni=123.. (2)
1

where
H — a power energy hub;
A — an agent of a power energy hub.
Formula 2 shows that any power energy hub can consist
of at least one agent.
The power system can be split into power energy hub
more than once, and conventionally large formed power
energy hub can be split into a group of even smaller
ones, and so, as desired, the levels of fragmentation
based on the conditions of ease of management and
maintaining balance. A large power energy hub or
power grid can be expressed by formula 3, and depicted
in Fig. 2.

{H}=Cmpu i=1,23,..,n (3)
where
C — a large power center or power grid.

On the basis of a universal model, a power energy hub,
we will rewrite the basic balance equation (formula 1).
It is expressed as the sum of generation from all possible
sources, the sum of consumption from controlled
industrial consumers and stochastic household
consumption, also taking into account losses in power
transmission systems, energy storage systems, which act
as a highly maneuverable source of generation and as a
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Fig. 2. An example of an enlarged power energy hub or
power system

consumer, as well as taking into account the possible
necessary influence from external power energy hub,
formula 4:

) PGbase +2 PGRES =) PGmaneuv *
2 PConsreg - Z PConsdomestiC - E PLosses T

ZPEsiZPPc::O» €))
where

PGbase
P GRES

— basic generation TPP (bearing base load), NPP;

generation from renewable energy sources;
Cmaneus highly maneuverable generation, for

example, gas-piston installations;

Peons,egr Peonsqomestic — respectively controlled load

and stochastically varying;

P} osses — power 10ss;

Pg¢ — energy storage systems;

Py — power of flows, taking into account transmission
losses, communication with the power system.
Analyzing formula 4, it can be seen that the correct
definition of the boundaries of the power energy hub
during their formation will make it possible to achieve a
balance of electricity in the hub, thereby maintaining the
quality of electricity for the consumer, as well as to
minimize losses for electricity transmission.

A certain difficulty is that there is no possibility to build
a new power system from scratch, but it is necessary to
modernize the existing one. In this regard, further
discussion about the boundaries of a power energy hub
will be based on the example of the power system of
Ukraine, in the form of its possible transformation.
Boundaries of a power energy hub. Transformation
(splitting) of the power system into separate power
energy hub should proceed from the main condition —
achieving balance in the power energy hub, and also
take into account the criterion of optimality of losses
during power transmission (too large distance between
agents will cause economically inexpedient power
losses). It is not possible in principle to achieve a
balanced state in all hubs, therefore, most of the selected
power energy hub will initially be deficient or
redundant.
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The deficit state of such a power energy hub will be
compensated for at the expense of the “base” of the
power system.

The base in the power system is nuclear power plants
[19] since they operate in the base part of the generation
schedule and are built, distributed over the territory of
the power system. On the example of the Ukrainian
energy system, nuclear power plants (4 operating ones)
are distributed along with the entire territory of the
country (the unified energy system) from the northwest
to the southeast [20], connected to each other and to the
rest of the energy system by 750 kV power transmission
lines. Large capacity will be a separate redundant energy
hub, which can be called the Base Power Energy Hub,
and which supports the smaller Main Power Energy
Hub. All other agents of the power system, other than
nuclear power plants, are present in the main power
energy hub.

The allocation of the main power energy hub should
begin with the definition of the characteristics of
consumers [21-27] to meet their needs. To do this, it is
necessary to take into account the following
consumption indicators:

1) Schedule of consumption (density of consumption
distribution);

2) The nature of consumption;

3) The intensity of the consumption process.

After that, generating capacities are allocated for the
power center:

1) Powerful power plants operating in the base in the
presence of a consumer of high power (a large city, a
powerful industrial enterprise);

2) Maneuverable capacities to balance the changing
part of the consumption schedule;

3) Renewable energy sources located near consumers;
4) Networked storage of electricity can act as a
balancing power to align the predicted schedule [17] of
renewable energy generation, align the consumption
schedule.

Having formed the power energy hub, it remains
necessary to connect it to the power system. It is
proposed to be limited to the minimum possible number
of connections with the external power system,
depending on the regional characteristics and the
composition of the power energy hub itself.

Taking into account the introduction of renewable
capacities, it is proposed to introduce renewable energy
sources into deficient power energy hub as a priority, if
technical and economic indicators allow it.

Figure 3 shows an example of a schematic
representation of a possible transformation of the
Ukrainian power system. The figure shows that NPPs
are basic power energy hubs (basic generation), which
are connected through the main 750 kV trunk line with
the rest of the smaller power energy hub to maintain
their balance.

Subject to the electrification of previously non-
electrified areas or areas with destroyed infrastructure,
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the creation of a power energy hub in such regions
occurs from scratch, but under the same conditions as
described above. The required level of power
consumption is determined, then generating capacities
are installed under it — renewable energy sources with
energy storage devices, and gas-piston installations.

Substation
Ne1

750 kV
()

Power
Energy
Hub Ne1

NPP
Rivnenska

Pivdenno-
Ukraintska

Power
Energy
Hub Ne1

Substation
Ne/

NPP
Zaporizska

Fig. 3. A schematic version of the transformation of the
energy system of Ukraine

Conclusions. 1) The modern development of the energy
systems of developed countries and their transformation
along the path of "3D" makes it necessary to develop the
issue of building a power energy hub under various
conditions. Therefore, consideration of the issue of
methods for determining the boundaries of power
energy hub is relevant and necessary.

2) ldeally, during the final transition, the balanced
power energy hub should be fully balanced and the
crossflows between the nodes will be minimal and occur
in case of emergency emergencies. Accordingly, over
time, in the ideal case, there will be a rejection of
generation technologies based on the combustion of coal
and nuclear energy, and a transition to a full-fledged 3D
power system will take place.

3) When modernizing the power system, the criterion of
efficiency and reliability can be the maximum number
of self-sufficient power energy hubs that ensure the
balance of electricity within the hub and in the power
system as a whole.
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Annotation. The purpose of the article — to obtain a ratio for determining the reactive power of induction motors
with thyristor voltage converter. The task is to determine the dependence of reactive power on the control angle of
the thyristors. Research method - computer simulation based on Fryze’s power theory for non-sinusoidal currents.
Result — the obtained expression for the calculation of reactive power, which takes into account the rated non-
working current of the motor with sinusoidal power supply and the type of converter due to the introduced special
coefficients. Numerical values of it depending on the control angle are obtained on computer models with their
subsequent approximation. Scientific novelty — Fryze’s power theory was further developed in the direction of
decomposition of non-sinusoidal current components using computer models. Practical significance — the obtained
expression for determining the reactive power of an induction electric drive with a thyristor voltage converter, on
the basis of which the capacity of compensating capacitors is calculated to increase its energy efficiency.
Keywords: induction motor, thyristor converter, reactive power

Introduction. Induction motors with thyristor voltage
converters can be used to regulate the speed of
turbomechanisms, such as pumps for pumping water to
the upper floors of high-rise buildings. Electrical
diagram of induction motor with thyristor voltage
converter (TVC) are showed on the fig. 1.

VS6

Fig. 1. Diagram of induction motor with thyristor
voltage converter

The electrical circuit contains three groups of
thyristors, which are connected in antiparallel. The
thyristors regulate the voltage by changing the control
angle of the thyristors. In the fig. 2 shows the natural
characteristic of an induction motor, controlled
characteristic at voltage regulation and load
characteristics of the pump.

Characteristics analysis shows that when reducing
the stator voltage in order to reduce the speed of the
motor it is necessary to reduce its mechanical load.
Pumps with the so-called fan load characteristic are
most suitable for this situation.
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Fig. 2. Characteristic of an induction motor, controlled
characteristic at voltage regulation and load
characteristics of the pump

Regulation of the speed of the pump at variable
consumption of water allows to reduce losses of the
electric power to 30 %. The second stage of reducing
electricity losses is the compensation of reactive power
using capacitors, but for their selection requires a
method of calculating the reactive power of the
induction motor depending on the control parameter of
the semiconductor voltage converter. Therefore, the
task of compiling a methodology for determining the
reactive power of induction motors with semiconductor
voltage converters is relevant.

You can also use frequency converters, but it
compared to thyristor voltage converters are 2-2.5 times
higher price and significantly more difficult to operate.

Analysis of resent research and publication. It is
obvious that in the case of non-sinusoidal power supply
of an induction motor, the reactive power can be
determined only by computer simulation. Before
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modeling, it is necessary to determine the theories of
reactive power for non-sinusoidal modes.

Budean's power theory is based on the
decomposition of non-sinusoidal voltage and current
into harmonic components, with reactive power equal
to

13 13

Q :z(usklsk sin g, ) = jZ(lsszsk)'

k=1 k=1

(1)

where Ug — the effective value of the k-th harmonic of
the stator voltage; Iy — the effective value of the k-th
harmonic of the stator current; ¢« — the angle of
displacement between the harmonics of voltage and
current; X« = wsk'Ls — inductive resistance of the stator
winding for k-th harmonics. Budean's theory was
further developed, for example, in [3].

Fryze’s power theory is based on the decomposition
of non-sinusoidal current into active and reactive
components. The effective values of the current
components are determined on the basis of the thermal
action of the non-sinusoidal current, that is, the heat
generated in the power line by the full current is equal
to the sum of the heat from its components. So far as,
heat is proportional to the square of the current, the
square of the effective value of the total current is equal
to 1> =12 +17, where I, I — effective current values of

active and reactive components of non-sinusoidal
current. Then the reactive power of the motor, taking
into account its replacement circuit is equal to

Q. =(x +xo)[r2 ' )

where xg, x, — inductive resistances to magnetization
and scattering of the replacement circuit of an induction
motor, which are given in reference books or in
technical data sheets for motors.

From the analysis of equations (1) and (2) it follows
that the calculation of reactive power in terms of time is
advisable to carry out on the basis of Frize's power
theory.

Frieze's power theory was further developed in the
works [4-10], but without proposing practical methods
for use. Moreover, in [8] it is noted that the
fundamental disadvantage of Frieze's power theory is
the impossibility of decomposition of the instantaneous
non-sinusoidal current into active and reactive
components.

Thus, to calculate the reactive power using the
Frieze's power theory, it is necessary to substantiate the
method of isolating the reactive component of non-
sinusoidal current and make an expression for its
calculation.

Purpose of the work. The purpose of the work is to
obtain an expression for calculating the reactive power
of induction motors depending on the control angle of
thyristor voltage converters. The problem is to
decompose non-sinusoidal current into active and
reactive components by computer simulation.
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Basik research materials. The goal is solved in
two stages: 1) it is necessary to make the computer
model of the induction motor with a thyristor voltage
converter; 2) it is necessary to research on the computer
model the dependence the reactive current from the
control angle of the converter.

As a model of an induction motor, it is to use the
classic replacement circuit, the parameters of which are
determined from reference data, in particular, the active
resistance in the magnetization circuit is calculated
through the power factor of idle speed. To
distinguishing the reactive component from the total
current, we make a model (Fig. 3).

Fig. 3. Model of asynchronous electric drive with
decomposition of converter current components

The model contains a voltage source U with a
thyristor VS1. At the input of the replacement circuit,
the reverse diode VD1 distinguish the reactive current
component. The model includes ammeters for
measuring the instantaneous values of active l,, reactive
I; and total I; currents.

The selection of the reactive component of the
current is as follows. When the positive half-wave
voltage from the converter reaches zero the diode VD1
is switched on, because a positive potential from the
electric motive force (EMF) self-induction of the
substitution circuit appears on its anode and a current
from the magnetic field energy flows through it. Since
the current source is the EMF of self-induction and the
current does not return to the voltage source, it is a
reactive current. Hereinafter, this process will be
illustrated in detail by experimental current waveforms.

The method of determining the reactive current
consists of two steps: 1) determine the dependence of
the total current on the control angle; 2) determine the
reactive component of the total current. For practice,
these dependencies must be "tied" to the basic
parameter of the motor, which is given in the manuals
or in the technical data sheets of sinusoidal motors. As
a basic parameter, it is advisable to take the nominal
value of the non-working current, based on the
following considerations.
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The non-working current by is reactive (93-97)%
relatively total current. As can be seen in the
replacement circuit (look fig. 3) the current of the
magnetization branch Ro-Xo depends only on the
control angle of the converter. The working current
also depends on the resistance Rr/S, which simulates
the mechanical load on the rotor shaft, where S is the
rotor slip. To take into account the reactive scattering
current, it is necessary to perform simulations at the
nominal slip of the rotor.

Next, you need to take generalizing parameters that
do not depend on engine power and combine them in
the expression with the basic parameter. As
generalizing parameters, we enter: 1) the current
transfer coefficient Kyyc of thyristor voltage converter
(TVC), as the ratio of the total non-working current Itvc
of the motor when power supply from the TVC to the
rated of the total non-working current ls, of the
sinusoidal power supply and 2) reactive current ratio
K, as the ratio of the reactive component I, to the total
motor current ltyc when powered by the TVC.

Next, by computer simulation, we determine the
dependences of Kryc and K on the control angle of the
TVC, followed by their approximation by the method
of least squares. After determining the specified
coefficients, the expression for calculating the reactive
power for a given average value of the control angle
has the form
K 12

risin’

QL = (X + X, ) Kpye (4)

Thus, expression (4) combines the idle current of
the motor with sinusoidal power supply and the
coefficients, which depend on the control angle of the
thyristor voltage converters.

It is necessary to find expressions for calculation of
that coefficients. The equation of electrical equilibrium
of the substitution circuit on the conduction interval of
the thyristor has the form

U, sin(et +a) =iR, +L, % ()
where a — control angle TVC, Ry, Ls, — active
resistance and inductance of the substitution circuit of
the motor.

The instantaneous value of the total current, as the
sum of the periodic and aperiodic components of the
transient process of switching on the substitution circuit
under sinusoidal voltage with a switching phase equal
to the control angle

i= Uz—m[sin( ot — @) —sin(a — @) -e” 9] (6)

where 7 _ /R§+(60|-S-)2 — the impedance module of the

substitution circuit; ¢ = arctg(wLs. | Rs:) — the angle of
displacement of the current graph from the voltage
graph at sinusoidal power supply.
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In expression (6) the value Un/Z = lnsin is the
amplitude of the nominal value of the total current of
the non-working current at sinusoidal power supply.
Then the effective value of expression (6) is obtained
by integrating on the conduction interval of the

thyristor, which can be represented as 1., =Kl

where Kryc — the current transfer coefficient of TVC,
which is equal to the expression in square brackets of
the equation (6).

For  definition of Kz we will construct the
schedule of instantaneous full current on expression (6)
shown on fig. 4, on which the following values are
marked: a, B, A, — respectively: control angle, closing
angle and conductivity angle of the thyristor, i, —
aperiodic transient current component, i, — periodic
transient current component, i — graph of the transient

current according to the equation (6).
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Fig. 4. Graphs of the components of the transient
current in the conductivity interval of the thyristor

After performing the corresponding mathematical
operations on expression (6) to determine the effective
value of the current we obtain the current transfer
coefficient of TVC

sin2(a+A—¢) +sin 2<a_¢)]+
2 2

{e " [ctggsin(a + A — @) +

1
KTVC :{Z [/1 -
N 2sin(a — @)
1+ctg’s,
+cos(a + A —¢@)]—ctgg-sin(a — @) —cos(ax — @) }+

()

Sinz(a -4) —24-ctgg \q1/2
1— 99
" 2ctgg (e 2
In expression (7), the conductivity angle according
to fig. 4isequal to A =7z —a + B, where § — unknown

angle of closure of thyristor relative to the trailing edge
of the voltage sinusoid, the dependence of which on the
control angle is obtained by simulation followed by
approximation by the analytical formula.
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To determine the closing angle of the thyristor, we
make a model of the software package
"SimPowerSystam" (Fig. 5), which works as follows.

Scope

o Generator2 - -
¥
vaz

Powergui
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Clodk

Pulse
Generstort

Thyristor

= k - AT
L L L .
Eﬁ activ

signal rms

¥

reactiv

Pulse

Generstor

L
Ra
: >
Py Xo
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4 Dobr @ $
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signal rms.

Powergui
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+
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To Werispace

)i + X RUS

Triggered
Subsystem

Fig. 4. Model for determining the closing
angle of the thyristor

Control pulses for thyristors form blocks "Pulse
Generator", thus the size of a control angle is set by
duration of Phase Delay of a phase delay of the
generator. "Pulse Generator”. To control the trailing
edge of the current zero value used block "Hit
Crossing”, which at this time generates a control pulse
to run the subroutine of the block "Triggered
Subsystem™ with the block "Simout" to transfer the
current time to the work area "Workspace". The current
time counts down the "Clock" block. Measurement of
the closing angle of the thyristors occurs when the
trailing edge reaches a current of zero value, ie =1t -
0,01 sec.

it is necessary to note, that the library of the
package "SimPowerSystam" has a block model of an
induction motor based on differential equations, but, as
subsequent computer experiments have shown, after the
transition process voltage and current waveforms are
identical models with a substitution circuit. The latter is
convenient because it immediately goes into steady
state and requires less time for modeling, which is
important for a significant number of experiments.

As a result of modeling the dependence is received
S = f(a), which is approximated by the method of least
squares and has the form

B=0915-7-0916-a =2,875-0,916 -« , )

Thus, the value of the current transfer coefficient
TVC for a given control angle of the thyristors is
determined by the substitution (8) in (7).

We proceed to determine the reactive current
coefficient by simulation. The scheme of the model is
shown in fig. 5.
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cument activ current total

Fig. 5. Model for determining the reactive current of an
induction motor with TVC

In fig. 6 shows the voltage waveforms and current
components obtained on the model. From the
oscillograms of fig. 6b shows that the current through
the reverse diode flows in the range of no voltage from
the converter, therefore, the current source is the self-
induction EMF from the inductance of the substitution
circuit, therefore, it is a reactive current.

2 L i |
1] 0.005 0. 0.015 0.02 0.025 0.03 0.035
time. sec

Time offset:

Fig. 6. Voltage waveforms and current components

a — stator winding voltage; b — reverse diode current
(reactive); ¢ — active current; d — full current

From the oscillogram fig. 6¢ shows that the current
from the converter coincides in phase with the voltage,
therefore, it is the active current. Thus, the model can
obtain the dependence of the reactive component of the
current on the control angle of the thyristors.

To verify the generality of the coefficients Krvc and
K simulation was performed for three motors powers:
3,5kW; 7,5kW; 11 kW, which are used in electric
drives of water pumps and fans. The results of
calculations of the coefficients K and K, showed
their practical independence from motor power. As a
result of the approximation of the obtained dependence
Kr=f{a) by the method of least squares, the formula for
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determining the reactive current coefficient of an
induction motor with TVC

K, =0,675+0,1-a. 9)

Thus, to calculate the reactive power of an induction
motor with TVC values (7) and (9) are substituted into
equation (4), which calculates the capacity of the
compensating capacitors. The latter can also be
calculated through the equality of the effective values
of the reactive energies of the stator winding and
capacitors, i.e.,

W, =LIZ, W, =CUZ, (10)
where | — the effective value of the reactive current is
determined by the formula | =K, (0,675+0la)l,:
Uryc — the output voltage of the TVC is determined by
the formula

U, sin2(a¢+A4) sin2a .
Uwc—m\/ﬂ 2 + >

If the control angle of the TVC changes in a certain
range, then all equations should take its average value.
The output voltage TVC can also be determined
similarly to the reactive current, i.e, through K,
because the current is generated by the output voltage.

Similar calculations can be performed for the case
of powering induction motors from a transistor voltage
converter with pulse-width modulation.

Conclusions. Obtained method for determining the
reactive power of induction motors with thyristor
voltage converters (TVC), which is as follows. The
dependences of the total current and its reactive
component on the control angle of the TVC with their
subsequent approximation by the method of least
squares are determined by computer simulation.
Reactive power is determined by the product of the
square of the reactive current on the sum of the
inductive resistances of the magnetization and
scattering of the replacement circuit of the induction
motor.

The scientific novelty of the results lies in the
further development of Fryze’s power theory in the
direction of decomposition of non-sinusoidal current
components in electric circuits with nonlinear loading
using computer models and a reverse diode.

(11)
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AHaJIU3 CXeMOTEXHUYECKOr0 pelieHns 0J10Ka JIeKTPOHHON HATPY3KHU

Poman 3aiiueB, T0KTOp TEXHUYECKUX HAYK, TOLEHT,
HanuoHanbHbI TEXHUYECKUH YHUBEPCUTET «XapbKOBCKUM MOJUTEXHUYECKHA HHCTUTYT», XapbKOB, YKpauHa,
E-mail: roman.zaitsev@khpi.edu.ua

Annomayus. B cmamove nposeoer aHaiu3 cxemMomexHuyeckux peulenul 01 co30aHus Cneyuaiu3upo8aHHo20 peueHus
9NEKMPOHHOU HASPY3KU C MUKPOKOHMPOIIEpHbIM YnpasieHuem. OnpedeieHbl OCHOBHble Kpumepuu U napamempbi,
KOmMopble NO360JI0M 00CMUYb BbICOKOU CKOPOCMU NEePEeXOOHblX NPOYECCO8 U HUZKO20 00We20 COnpomueieHus, d
Makaice NPeosiodcena nPocmast cxema pearuzayuu maxozo npubopa. Ha ocnose paccmompennuix ghuzuyeckux u cxemmvix
peuwienuti no pearuzayuy O10KA INEKMPOHHOU HAZPY3KU ObLa pa3pabomana e20 (YHKYUOHALbHAS JIeKMPULECKAst CXeMd.
Knrouegwte cnoea: snekmponuas nazpyskda, CKOpocms nepexo0HbIX NPoYeccos, CONpomueieHue, 2NeKmpuiecKas cxema,
asmomamu3ayus.

Analysis of electronic load advanced solution
Roman Zaitsev, Doctor of Technical Science, Associate Professor

National Technical University ,,Kharkov Polytechnic Institute “, Kharkiv, Ukraine
e-mail: roman.zaitsev@khpi.edu.ua

Annotation: The article analyzes the circuitry solutions for creating a specialized solution for electronic load with
microcontroller control. The main criteria and parameters are determined, which make it possible to achieve a high rate
of transient processes and a low total resistance, and a simple scheme for the implementation of such a device is proposed.
On the basis of the considered physical and circuit solutions for the implementation of the electronic load unit, its
functional electrical circuit was developed.

Keywords: electronic load, transient speed, resistance, electrical circuit, automation

BBenenne. BHeapeHue SNeKTPOHHOH HArpys3Ku HCTOYHMKOM TMTAaHUS W MOIYIAMH HArpy3KH. ITO
JUTS HCTIBITAHMS CUIIOBBIX HU3KOBOIBTHBIX HCTOUHMKOB JIOTIONHUTENBHOE  COMPOTHBJIEHHE  BIMSET  Ha
(COMHEYHBIX ~ DJEMEHTOB) TpeOyeT  TIIATETbHOTO HaMpsKeHHe Harpy3KH, a MapasuTHAs UHIyKTHBHOCTh
paccMOTpeHHs He TOJBKO KOHCTPYKIMM CXEMBI, HO Lp B NpOBOMHMKAX OTPAHMYMBAET MAKCHMATBHYIO
TaKke TEIUIOBOM M MEXaHWYECKOW KOHCTPYKIIHH. CKOpPOCTh TepexoubIx mporieccos (dI/dt) [3]:
CobtroieHne MPUHIHUIIOB, H3JI0KEHHBIX B TOH CTaThe, _a v (1)
obecreunT HAarpy3ke BO3MOMKHOCTH paboTaTh ¢ dtmax — Lp

0OJBIION MOIIHOCTBIO, COXPAHSS MPU 3TOM XOPOIIUE
XapaKTCPUCTHKH U HAJICKHOCTb.

DJNCKTPOHHBIC HArpy3KH, KOTOPBIC UMCIOTCS Ha
PBIHKE, COYETAOT TIPEBOCXOAHYIO TOYHOCTH CO
CIOXXKHBIMA WHTep(delicaMu  ympaBiICHHUS W, Kak
MIPaBHIIO, CIIOCOOHEI paboTaTh C 0YEHb BEICOKIM TOKOM
mpu  Oombmro  MomHOCTH. OOBYHO  JAOCTYIHBI
pasiIuYHBIE  MOJETH, Kaxmas W3  KOTOPBIX
COOTBETCTBYET pPa3HOMY [HANa3oHy HAIPSOKCHHUS,
MOIIHOCTH W Toka (Hanmpumep, npubopsr Chroma,
puc. 1) [1]. U3 pucyHKa BHIHO, YTO CaMoe€ HU3KOE
JIOCTH)KAMOE ~ COTIPOTHBJICHUE  COCTABJIACT  OKOJIO
5 MOwm, a Tok MOXxeT qocTuraTth 80 A.

OpaHako, HECMOTpPS Ha JTH  TCXHUYCCKUE

XapaKTepucTuky, oobmas 3¢dexkTHBHOCT, MaccuBa o 02 04 06 08 10 12 14 16 18 20 (V)
Harpy3ok MPUHINAIHAIBHO orpaHHYeHa ero Puc. 1. XapakTeprCTHKH HAIPSHKEHUS U TOKA Harpy3oK
IEKTPUYECKHM  TIOAKIIOUYCHHEM K  HCIBITYeMOMY cepuu Chroma 63600

ucrounnky tmTanus [2]. Tlo TpeGoBaHwsM uist

TOAKIFOUYEHUS UCIIONIB3YIOTCSA MEIHBIE U A IFOMUHHUEBEIE Taroxe, g TecTMpoBaHHMs 0oO;ee  MOIIHBIX
TIPOBOAHUKH MONEPEYHBIM CEYEHUEM 40 CM2 u 6OJICG, a HUCTOYHHUKOB ITUTAHUA, MOKHO COYECTATh IapaljICIIbHO
JUIMHA TIOAKIIIOYEHUS NPUBOIUT K 3HAYUTEIBHBIM HECKOJILKO YKa3aHHBIX MOJyJIEH Harpy3ku (MOXHO

PE3UCTUBHBIM IoTEPSAM MEXOYy HCIBITYEMBIM

71


mailto:roman.zaitsev@khpi.edu.ua

IIT Lsg®omsdemtobim bsdgboghm-Egdbogzmeo 3mbggmabios "gbgMag@ogol msbsdgmmgy 3Gmdergdgdo
@5 35000 3505§93930L 3bgdo", MdoEOLo, bygsGmggwm, 2021 fiemol 7-10 ogbolio
IIT International Scientific and Technological Conference "Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, June 7-10, 2021

nocTidb 3P (HEKTHBHOIO
2,7 MmOm).
Hear pa6orsl. Hapsimy c atum, yem Oomblie

WHAWBUAYAJbHBIX HAIrpy30K COUCTAOTCA MMapauICJIbHO,

COIIPOTUBJICHUSA HHWXC

TEM Ooble CTaHOBHUTCA YCTAHOBKa, u,
COOTBETCTBCHHO, OoJlpllIe  IIHH COIIPOTUBJICHUA U
WHAYKTHUBHBIX IOTEePb Ha IIMHC COCOUHCHUA.

OueBHIHO, YTO Uil AOCTMDKCHHS BBICOKOM CKOPOCTH
MEPEeXOJHBIX  IPOIECCOB W HU3KOrOo  0OIIero
CONPOTHUBJICHHSI HY)KHO OoJiee CIennaln3upOBaHHOE
peuieHye EKTPOHHOM Harpy3KHu.

1. Cxema peaJmu3anuu 3JeKTPOHHOH HATPY3KH.
UroObl MMHUTHPOBATh IIOBEACHHE  IHTAIOLIETOCS
MTOJYIPOBOTHMKOBOT'O TIPHOOpPa, HYXKHA DJIEKTPOHHAsS
Harpy3ka co CIEAYIOINMHU XapaKTePUCTHKAMU:

- KaK MOYKHO OOJIBIIIasi CKOPOCTh HapacTaHHs TOKa
Harpy3ku (dI/dt) (B m;ywmem ciiygae CKOpOCTB
HapacTaHWs TaKXKe PEryJIUpyercs);

- peryImpyeMsblii TOK Harpy3Ky;

- BBICOKAs MOIITHOCTb PACCESHHSI, KaK TUKOBAsI, TaK
1 HENpephIBHAS,

- BO3MOXXHOCTh KOHTPOJIMPOBATH TOK HArPY3KH C
BBICOKOM  TOYHOCTPIO M  MIUPOKOM  IOJIOCOM
MIPOILY CKaHUs.

UYroOBl TECTUPOBATH HCTOYHUKH MUTAHHUS HU3KOTO
HalpsDKEHHWST Ha OYEHb BBICOKMX YPOBHAX TOKa
(Hampumep, cojHeuHble MoOAynH) [4], anexTpoHHAs
Harpys3ka J0JDKHa MMETb CBEPXHHM3KOE MHUHHMAJIbHOE
conmpoTuBiieHHe. HakoHen, »JEKTpOHHAs Harpyska
JIOJDKHA OBITh CHPOEKTHPOBAHA UL MOAKIIOUCHHS K
HCTIBITYyEMOMY MCTOYHHKA C MHHUMAIBGHBIM COIPOTHB-
JEHNeM W WHOYKTHBHOCTBIO, HMHade  oOmas
3¢ eKTUBHOCTH Oyzmer OorpaHHYCHA caMuM
COE/INHEHUEM.

CaMbIM TpPOCTBIM BapHaHTOM HAarpy3KH, Kak
MOXHO TPEMJIOKUTh, SIBISETCS CHIOBOW pE3UCTOP.
Ecnn ero pasmMep u oOxjaxaeHHE NpaBWIbHBIE, OH
MOJXET YAOBJICTBOPUTH TpeOOBaHMIO K OOJBIION
pacceMBaeMOM ~ MOIIHOCTH, a  TOK  MOXHO
KOHTPOJINPOBATh HETIOCPEICTBEHHO (n3mepsist
HalpsDKeHWE  Ha  W3BECTHOM  CONPOTHBIICHUH).
[NocnenoBarensHOE nobaBienue KOMMYTaTopa
MO3BOJIIET TE€HEPHPOBaTh MEPEXOAHBIE HArPY3KH.
Opnako Harpyska OynmeT JMuOO MOTHOCTHIO BKIFOUCHA,
700 TONHOCTHIO BBIKJIIOYEHA, M CWiIA TOKa OyZer
3aBHCETh OT MCIBITYeMOro HampspkeHus [5]. Ckopocts
U3MEHEHHUsd TOKa HE  KOHTPOJMPYETCA M HE
peryaupyercsi. OueBHIHO, UTO 3TO HE THOKOE peleHue,
KOTOpO€ HEJb3sl aJanTHpPOBaTh K IIMPOKOMY KpYTy
TpeOOBaHUil K TECTUPOBAHHIO.

Jst  obecrieyeHnst TEPEeMEHHOW HAarpy3kd W
peryaMpyeMoii CKOpOCTH CHIKEHHS TOKa (CKOPOCTH, €
KOTOpOW TOK Harpy3kd BO3pacTaeT M Iajaaer),
HEOOXOMMO TOCTPOUTH AKTHBHYIO CXE€My Ha OCHOBE
ONEPALMOHHOIO ycUIUTeNA. TOIMOJNIOrHs 3TOM CXEMBbI
moka3zaHa Ha puc. 2. OneparyioHHBIH YCHIHATENb
MPUBOAUT B JelictBue 3aTtBOp cuioBoro MOSFET
TpaH3UCTOpa Ul  YCTAHOBKM  YINPaBISIEMOTO
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HaIpsKEHUs1 Ha CEHCOPHOM pE3UCTOpe. DTO MPUBOAUT
K KOHTPOJIMPYEMOMY TOKY Harpy3KH, KOTOPBIH
nporekaer oT cToka k uctoky MOSFET u uyepes
CeHCOpHBIA pesuctop Kk 3eme. CumoBor MOSFET
n00aBIsIeT yYCWICHHE IO TOKYy, HO He 100aBisier
YCHUJICHUSI TI0 HaNpsDKeHHIO, TOCKOJIBKY OH paboTaer
Kak ycunutesb Toka (source-follower).
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Puc. 2. bazoas cxema ynpaBisieMoil 3JIeKTPOHHOM
Harpy3Kku

Ora cxeMa MOXeT OBITh peann3oBaHa Ha
n-kananbHOM MOSFET ¢ CeHCOpHBIM pe3ucTopoM Ha
HIDKHEH cTopoHe wmimm p-kaHanmeHOM MOSFET ¢
CEHCOPHBIM PE3UCTOPOM Ha BepxHell cropone [6]. B
M000M cilyyae, CEHCOPHBIH pe3ncTop [00aBiseT
OTpULATENIFHYI0 OOpaTHYIO CBsI3b, IIOCKOJBKY OH
nonkmoueH Kk  ucrouHuky MOSFET, Bwrumras
HaINpsDKEeHNE OT HANPsDKEHHS 3aTBOPA IPH YBEIMUCHUN
TOKa, 1 Ha000pOT, 100aBIIsIsl HANPSHKEHHUE 3aTBOPA MPH
YMEHBIICHNN TOKa, YTO CIIOCOOCTBYET CTaOMIBHOCTH
paboTsI.

[IpakTuueckass peanusalust aKTUBHOW CXEMBbI
QIEKTPOHHOW Harpy3kd ¢ n-kanaapbHeiIM MOSFET
MokazaHa Ha puc. 3. Dra cxema HpeiCcTaBisieT co0oi
COYETaHWE MpPOCTOW HArpy3kh M3 puUC. 2 W
TG GEPEHIMATBHOTO  YCUIMTENSA. OTa  TOMOJIOTHUS
yJIydliaeT TOYHOCTb, YYHTBHIBAs JHHAMHYECKHE U
CTaTHYECKHE DPa3HULBl B TOTEHIMANE 3EMIIM MEXKIy
BXO#HbIM curHaioM (SGND) u mHmwxHeill cropoHO#
cercopHoro pesucropa (GND).
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: MOSFET

Control
(waveform)

Toad

SGND
AN
R
GND =
Puc. 3. JleranuznpoBaHHas cXeMa dJIEKTPOHHOU
Harpy3KH
Tox Harpy3ku, MO TPEJIOKEHHOH CXeMe,
MPOTIOPIIMOHAJIEH HaIpsHKEHUIO u dopme
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YIPABISIOMIEr0 CHUTHANA, HPH 3TOM KOI(GHUIUEHT
YCUJICHHUS YCTAHABIHMBAETCS OTHOIIEHHEM BXOAHBIX
CONPOTHUBIIEHUH W CONPOTUBIICHUI 0OpaTHOH CBA3H.

AKTHBHas cXeMa JJEKTPOHHON Harpy3ku HMeeT
MHOTO TIPEHMYIIECTB II0 CpPAaBHEHHIO C MPOCTHIM
KOMMYTHPYEMBIM COTIPOTHBICHHEM. B oTmmume ot
IIPOCTOTO COTIPOTHBIICHUS, AKTHBHOE COIPOTHUBIICHHE
MOJKET TEHEPUpPOBATh MEPEMEHHBIH TOK HAarpy3KH OT
HYJISI 10 MaKCHMaJIbHOTO ToKa. Kpome Toro, HocKoiabKy
TOK HarpysKu yIpaBIseTCs OTIEPaIIMOHHBIM
yCUJIMTEIeM B 3aMKHYTOM IIHMKJIE, TOK TOYHO
OTCJIS)KMBAECT CUTHANl yIpaBicHus. TakuM oOpasom,
aKTUBHAsl SJIEKTPOHHAs Harpy3ka MOXKET IT03BOJIUTh
KOHTPOJIUPOBATh CKOPOCTh CHMXKEHUS Toka. Hakoner,
MIOCKOJIbKY B CXEME€ €CThb PE3UCTHUBHBIA 3JIEMEHT C
(PMKCHPOBaHHOW BENMYMHOM, TOUHOE MU3MEPEHHE TOKa
Harpy3kd BBICOKOW MOJOCOH IPOIyCKaHUS SIBISETCS
OTHOCHTEJIFHO TTPOCTHIM.

Ha puc. 4 mnpuBeseH oaWH W3 BapUaHTOB
J00aBIECHUsI BTOPOTO  YCHIHUTENA I TOYHOTO
W3MEpeHHs1 TOKa Harpy3ku. B 3Tom ciydae oH
CKOH(HUTYpHPOBaH KaK yCHIUTENb IIPOBOAUMOCTH, UTO
MO3BOJISIET JIETKO CYyMMMpPOBaTh CHUTHAJBI HU3MEPEHUS
TOKa U3 HECKOJIBKUX CXEM 3JIEKTPOHHOM Harpy3KH.

vdT

MOSFET
KE l - T

R R NFET

Rsense
SGND 10R

R R 10R
R

= Current
GND Measurement

110R
SGND
Puc. 4. I3mepeHue Toka 3a CUET JOMOJIHUTEIHHOTO
YCHITUTEIS
2. BpI0Op KOMIOHEHTOB M UX pacyeT: BbIOOP
MOSFET-Tpan3ucropa.  CunmoBoil  TpaH3HCTOD
JOJDKEH OBITh BBIOpaH Ui oOecreueHHs OBICTPOi

peaknuy, OJHOBPEMEHHO BBIACPKHBAsS OOJBIIYIO
MOIIHOCTh paccestHus Teria. HeoOXonaumMo yquThIBaTh
HECKOJIBKO 3NMEKTPUIECKUX u TETIOBBIX
XapaKTepUCTHUK.

3apsaa 3aTBopa. UToOB MOAYNHpPOBAThH TOK,
npotekaronuii  yepes  MOSFET, ¢ BrvIcOKoit
CTaOMIIBHOCTBIO u BBICOKOI MIPOIMYCKHOM

CIIOCOOHOCTBIO, OIEPAIMOHHBIN YCHJIMTENb JIOJDKEH
HUMETh BO3MOXHOCTB OBICTPO U3MEHSThH HAIPSIKEHUE OT
3atBopa K UcTouHUKY. MOSFET ¢ BBICOKOI €MKOCTBIO
3aTBOp-ucTOK  u  3atBop-ctok  (Ces u  Cep,
COOTBETCTBEHHO)  moTpedyeT  OoNbIIero  TOKa
VIOpaBICHUS UIS OOCTIDKEHHS JKEeJaeMOil CKOpOCTH
Hapactanusa. [103ToMy Ba)KHO BEIOpaTh TPaH3UCTOP C
HU3KkUM TmokazateneM FOM (figure of merit) w,
COOTBETCTBEHHO, HU3KOM IMapa3uTapHoil eMKkocThio [7].
Jmst moorux MOSFET o6ummit 3apsan Qg sBiseTCst
Xopolled MeTpukod, u cpaBHeHue Mexay MOSFET
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MOYET OBITh OCYIECTBIEHO OBICTPO, HCIIONIB3YSI TOJILKO
3TOT Mapamerp.

Hanpsizkenne crok-ucrok. HampspkeHue cTok-
uctok (Vps) IOMKHO OBITH JIOCTATOYHO BBICOKHM,
9YTOOBI TPOTHBOCTOSITH HANPSDKEHUIO HCIIBITYEMOTO
WCTOYHMKA IHUTaHWA, BKIIOYas JIIOOBIE IIepeXOaHbIe
TIPBDKKH WITH TIPEBBIICHNS HAPSDKEHNS. BoIbIMHCTBO
MOSFET tpan3ucropos paccuutansl Ha 12B, 25B, 30B
WIN JaXe BBIIIE, I0ITOMY BBIOOpP TpaH3MUCTOPA,
IIPUTOTHOTO JUTS TECTUPOBAHMS UCTOUYHUKOB HU3KOTO U
CPEIHETO HaIpsDKeHHs, He TMpelacTaBiseT Tpyraa. B
obmem, MOSFET cienyer BoIOMpaTh C HalpsbKEHUEM
Vs, KOTOpOe cocTaBisieT He MeHee 125% u3mepsemoro
HanpspkeHusi. bomee Bbicokoe Vps B TpaH3HMCTOpE
TaKOro K€ pa3Mepa HEraTUBHO IOBIHSIET Ha Jpyrue
paboure  XapaKTEpPUCTHKH, IIO3TOMY  BBIOMPAIOT
YCTPOMCTBO C HU3KUM JOIYCTUMBIM 3HaUY€HHEM Vps.

Toxk croka. HoMHHambHBIA TOK CTOK-UCTOK Ip
JOIDKEH  OBITh  JIOCTaTOYHBIM  JUIi  Tepenadu
HEOOXOAMMOTO TOKa Harpy3kd. Eciam HeoOxomumo
OIIEpUPOBATh BBICOKUMH TOKaMH, TO BO3MOXHO
WCIIONIb30BAHNE  MAaccuBa  MApajUICNBHBIX  CXEM
Harpy3KH, 4To oOJIerdaeT paccenBaHUE MOIIHOCTH M
MOBBIIIAET MaKCUMaJIbHBIN Ip. J{pyrumu cioBaMu, eciu
HCHOJb3yeTcsl MaccuB M3 N paBHBIX Harpy3ok
aKTUBHOTO TOKa, TOK uepe3 Kaxaeli MOSFET-
TPAH3UCTOP SBJSIETCA CyMMapHBIM TOKOM Harpy3KH,
paszneneHubM Ha N [8]. [Tpu 3TOM 01MH OnepalOHHbIH
YCHIIMTENb MOXKET ynpasisiTh HeckonbkuMu MOSFET
napajuieNbHo, OpU ycnoBuu, uto Kaxaeli MOSFET
MOJKJIIOYEH K HE3aBHCHMOMY CEHCOPHOMY PE3HCTOPY
Ha BBIXOJHOM T€pPMUHAJIE. DTa CXeMa rapaHTHPYET, YTO
OOIMIi TOK pacHpenensieTcsl PaBHOMEPHO MEXIy
MOSFET-tpan3ucTopaMyd 4epe3 OMKMCAaHHYI paHee
XapaKTEePUCTHKY OTPHIIATSIILHOW O0OpaTHOW  CBA3U
YCHUIIUTENS TOKA.

Bo Bpems ynpaBneHus aByms wim Oojee
MOSFET-Tpan3ucropamu, Kak MmpaBuiio, HEOOXOAUMO
N00aBIATh HeOoJbIIHe CONPOTHUBIICHUS
nocienoBarensHo ¢ 3arBopaMd  MOSFET, dTo0bI
npenotBpatutek  koieOanus [9].  Kondwurypaums
OTIEPAIIHOHHOTO YCHIIATENS JIOTIOJTHUTEINBEHO
pacmmpsieTcs,  BKIIOYash CyMMHpPOBAaHUS — ITyTeM
nyOnvpoBaHUs OOpaTHOH CBS3M W CONPOTHBICHHUN
BXO/HOTO JICJUTENS B K&KABIH BXOJ CXEMBI.

TenoBast MOILHOCTb. Baxxnenmeit
xapaktepuctukoii  MOSFET, wucnonbp3yemoro B
JJIEKTPOHHOM Harpyske, SBIISIETCS €ro CIOCOOHOCTh
pacceuBarh OoTpaboTaHHOe Temo. OOmias MOIIHOCTB
Harpy3ku (PL), oueBuaHO, SBISiETCS TPOW3BEICHHEM
TOKa Harpy3KH U HCIBITHIBAEMOTO HATPSDKEHMUS:

P, = IT1pqqa X Vg

Ecmu mapamnensHO pa®oTarOT HECKOJBKO IIeTieit
HATPY3KH, K&KIas Heb IPOBOIUT TOK ljoad/N, 1 0OmmIas
MOIIIHOCTh Harpy3KHu pacipeaensercs 6oyee Wi MeHee
PaBHOMEPHO MEXIy TPaH3UCTOPaAMH.
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Yacth STOM MOIIHOCTM pacceuBaercs Ha
ceHCOpHBIX pesuctopax (Pr), U 3Ta 4acTh M3MEHSETCS
Kak KBaJlpaT TOKa Harpy3Ku:

Pp = (Ioaa/N)? X Ryense
Ocratok mourHoct pacceuBaercs B MOSFET-
tpansucrope (Pwm):
PL=(PM+PR)XN
PM = PL/N - PR
Py = (Ipqa X Va)/N — (Iload/N)2 X Rsense

Crnocobnocte  MOSFET  paccenBaTh  Temo
o0o0miaercst OBYMS  KJIIOYEBBIMH  IapaMeTpamMu:
TEIUIOBBIM CONPOTHBIICHHEM ITepexo/ia K Kopmycy Oyc u
CTAIlMOHAPHBIM paccesiHueM MOIIHOCTH Pp. U3 atmx
IBYX 3HaYeHUHd O)c sBIseTCS HauOoJiee MOJIE3HBIM,
MIOCKOJIBKY OHO yKa3bIBaeT Ha HAUMEHbIIIee BO3MOXKHOE
moBeItIeHHe Temmeparypsl mepexoga MOSFET kax
(YHKIMIO MOIIHOCTH, HCKIIOYas BCE BO3IEHUCTBUA
BHEIIIHEU cpefibl.

Xots XapaKTEPUCTUKU MOSFET,
Npe/I0CTaBIICHHBIE MTPOM3BOAUTENIEM, TAKXKE TPHBOIAT
3Ha4YEHHE TEIUIOBOTO COIPOTHBIECHUS K OKPYXKaIOIIEeH
cpene Oca, 3TO 3HAUCHUE OINPEEISIETCS] CTaHIapTHBIM
pasMepoM Te4yaTHOW IUIaThl W KOHCTPYKLHMEH.
DJIeKTPOHHBIE HArpy3Kd OOJBIION MOITHOCTH OOBIYHO
MPOCKTHPYETCS IS MaKCUMAJIBHOTO PACCEHBAHHUS
TeIUIa CO 3HAYMTENbHO CHW)KCHHBIM  TEIUIOBBIM
CONPOTHBIICHHEM, YeM THITMYHBIC 3HAUCHHUS TEIJIOBOTO
CONPOTHBIICHHS ®jan B ECTECTBCHHBIX YCJIOBHSIX,

comepkamuxcs B xapaktepuctukax ~ MOSFET,
MPEIOCTAaBIECHHBIX IIPOU3BOIUTEIIEM. Hpyrumu
CIIOBaMH, TIOCKOJBKY JUIsI OJIEKTPOHHOW Harpy3Ku
OONBIION MOIMHOCTH HYXCH paauaTop, KOTOPBIA

3HAYUTEIBHO OTJIMYAETCSl OT CTaHAAPTHOH TECTOBOM
wiatel  @ja, 3HaueHne O)c sBIETCS HauOoiee
TTOJIE3HBIM.

B nomonHenue k XapakTepUCTHKAM TEPMHIECKOTO
CONPOTHUBJICHHSI KOPIyca TPAH3UCTOpA TAKXKE CIETYeT
YUUTBHIBATh MAaKCUMAJIBHYIO TEMIIEpATypy p-N epexoa
KpeMHHUA Tjimax. BOJIBIIMHCTBO MOILIHBIX TPAH3UCTOPOB
MOSFET paccunransl Ha Timax oT 150°C mo 175°C.
DJeKTpOHHAs Harpys3ka J0JDKHA OBbITh CIIPOCKTUPOBaHA
TaKUM 00pa3oM, 4YTOOBI TMPOU3BEIECHHE MOIHOCTH
MOSFET Pm ¥ TEIIOBOTO COMPOTHBICHHS KOpITyca
TpaH3UCTOPa B  COYETAHMM C  MaKCHMAaJIbHOMN
TeMnepatypoii kopryca Tug He TPeBbIaio Timax [10]:

Py = (ijax - TMB)/@]c

B 3aBucumoctu OT BBIOOpa mMapameTpoB, I3TO
COOTHOIIECHHE [AaeT WM MaKCUMaJbHO JIOMyCTHMYIO
cTtabwibHyr0  MomHOocTh it MOSFET, wmun
MaKCHMaJIbHO JOIYCTUMYIO TEeMIeparypy paauaTopa
IIPY JKENAEMOU MaKCUMaJIbHON MOILIHOCTH.

Be3onacHblii auana3on padoumx nmapamMeTrpoB
MOSFET. Tabnuma momuoctn MOSFET 00b1aHO
BKIIfodaeT rpapuk Oe3omacHol paboueil 30HBI (safe-
operating-area) (SOA) [11]. Dot rpaduk mMoKassIBaeT
MIOCTOSIHHYIO ~ MMITYyJIbCHYR0  MomrHocTh  MOSFET.
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I'padux SOA, nanpumep, 111 PSM2RO0 nokasan Ha puc.
5.
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Puc. 5. I'padux Oe3omacHoi paboUeii 30HbI s
MOSFET tpanzuctopa PSMN2RO0, Tc = 25°C

I'padux SOA dopmupyetcs s GprukcHpoBaHHON
TEMIIEPATYPbl, JONOIHUTEIbHBIE KPUBBIE MTOKA3bIBAIOT
pOCT TMKOBOH MOITHOCTH MJsi Ooiiee KOPOTKOH
IIPOIOIKUTEIBHOCTH UMITYJIbCOB. CTOUT OTMETHTh, UTO
kpuBble Ha rpaduke SOA, Kak IpaBWIIO, SIBISIOTCS
JUHUSIMA ~ TIOCTOSIHHOM ~ MOIIMHOCTH  (TIOCTOSIHHOE
npousseaenue Ips X Vps). Cmocodonocts MOSFET
oOpabaTbIBaTh TOpa3fgo OOJBIIYI0 MOLIHOCTH TIPH
KOPOTKHX MMITYJIbCaX O4Y€Hb MOJI€3HA JUISl AIEKTPOHHON
HarpysKH, NpeJHa3HaYeHHOH ISt MIPOBEPKH
TIePEXOJHBIX TTPOIIECCOB.

BaxHo pa3paboTate JIEKTPOHHYIO HArpysKy
takuM o6pazom, uro6sr MOSFET He paGoran BImie
coerr kpuBo SOA mms mro0o0i TpemmoiaraeMoit
IIMPUHBl MMIynbca. Paboune TOYKM JOIKHBI OBITH
pacmonoxxeHsl Ha ydactke SOA, 9TOOBI 0OECIedYnTh
OezomacHylo  paboTy  KOHCTpyKuMH. Hekoropble
tpanzuctopsl MOSFET onTuMu3npoBaHsl 1iist paboThI
B JINHEWHOHN 00J1aCTH M CHEUMalIbHO pa3paboTaHbl IS
TOTrO, YTOOBI MMETh OOJIBIIYIO IJIOIIA/Ab MO KPUBOH
SOA, taxxke ectb MOSFET, ontumMusupoBaHHbIe IS
PEKUMOB OBICTPOTO BKIIFOUCHUSI.

Ilepexognoe  comporuBjenHue. Ilapamerpsr
MOSFET Takxe BKIIOYAlOT Tpaduk IMepexomHoro
TEINIOBOTO ~ WMIIEAAHCA,  XapaKTepHbIH  rpaduk,
nanpumep it PSMN2RO, mnokazan Ha puc.6.
NMnynbcHBIE — NEPEXOJHOM  TEMJIOBOM  MMIIEAAHC

MOSFET 3HauuTensHO HMXKE, 4YeM CTal[HOHApHBIN
TEIUIOBOM HMIIEJJaHC WU3-3a TEMJIOEMKOCTH KOopIyca
CBHHLIOBOM

YCTPOMUCTBA, OCHOBBI

KopIyca.

U MaTepuasoB

1

Zig.mty
I,

KIW)

[ single shot

ts)

Puc. 6. lnarpaMmma mepexoJHOTO TEIIOBOTO
compotuBieHus s cunosoro MOSFET
PSMNZ2RO0
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B ommume or rpaduka SOA, rpaduk
HNEPEeXOoJHOr0 TEMJOBOTO HMIEJaHCa HE SBISIETCS
¢dyHKIMel onpeneneHHoro 3Ha4eHust Tve. OT0 menaer
€ro OYEeHb MOJIE3HBIM JIsl ONpPEAENICHUS] MPEBbIIICHUS
temnepatypbl nepexoga MOSFET Bemue Twg ans
0001 3aJaHHOW IIUPHUHBI AMITYJTECA TOKA B pabovero
mukia. Korma pabounit ikt nmpubmmxaercs k 100%, a
IIMpUHA WMIyJIbca NPUOIIDKACTCS K IOCTOSHHOMY
TOKY, TpauK IIEpexXOJHOT0 TEINIOBOTO HMIIEAaHCca
COBIIAZ]a€T CO 3HAYCHHEM CTAI[IOHAPHOTO COCTOSHUS
TEIUIOBOTO HMIIEZJaHCca Iepexojia K Kopmycy Ogc.
Hamnpumep, ucnonb3ys pucyHok 4, MOXKHO BHIETb, UYTO
MOSFET nponyctuT umityibe MoiHocThio 200 BT,
KOTOpBIH mpojomkaercs He Oonee 100 Mkc mpum
JUTATENEHOCTH padodero 1wkia 10% (t.e. ummynse 100
MKC, TOBTOpstommiics Ha yacrore | k[,
S¢(GeKTUBHBI TEIJIOBOM WMIIEAaHC TIPU TaKOM
TepexoaHOM Tporiecce cocrarister nums 0,075°C/Br,
M0  CpPaBHEHHWIO C  yCTOWYHMBBHIM  3HAYCHHEM
O,c = 0,45°C/Br. IlpousBeneHne 3TOTO MEPEXOTHOTO
TEIUIOBOTO MMIIEJ]aHCca M BeTHMYuHBI umiryiibea 200 Bt
JIaeT MPOrHO3UpPYEMBIH HpupocT T; NpUMEPHO Ha
200 Bt x 0,075°C/Bt = 15°C.

3. BbIGOp KOMIIOHEHTOB W HX pacyeT: BLIGOP
CEHCOPHOI0 Pe3HCcTOopAa.

TemmoorBoa. Kak wu cumoBori  MOSFET,
CEHCOPHBIN PE3UCTOP B aKTUBHOU CXEME AJIEKTPOHHOU
HarPy3KH TaKXKE pPACCCHBACT 3HAYUTEIBHYIO JIOIIO
oOmeii MoOmHOCTH  Harpy3ku. BaxnHo BbIOpaTh
YYBCTBUTEJNIbHBIN PE3UCTOP, KOTOPBII MOXKET HE TOJIBKO
MIPOBOJIUTH TOK HArPy3KH KaXIOH IMapauieIbHOM BETBH,
HO ® OBICTPO TepeAaBaTh OTPa0OTAaHHOE TEIUIO K
NE€YaTHOM IUIaTe U paguaTopy.

Takoil  pe3ucTop  JIOJKEH
MEXaHUYECKHE CBOMCTBA:

- 0OJIBIIIAs TUIOIIAAL KOHTAKTA C [IE€YaTHOM IUIaTON
JUI TEIJIOOTBOA;

- KOPIIYC C HU3KUM TETJIOBBIM COIMPOTUBIICHHEM,
MOKHO COBMECTHUTb C OXJIAXKJICHUEM (pasiuaTopom);

- PE3UCTUBHBIA 3JIEMEHT M MaTepHalbl KopIyca,
KOTOpbIe BEIICP)KUBAIOT BEICOKHE paboune
TeMIepaTyphL.

[lepBas

HUMCTb TaKHue

XapaKTepUCTHKa  MPEANOYTUTEIbHA
KOMITIOHEHTaM Ui IIOBEPXHOCTHOTO  MOHTaXa,
MOCKOJIBKY ~ BBIBOJBI  PE3HUCTOPOB  BIEKTPHUECCKU
COCIMHAIOTCA C II€YaTHOW IUIaTOM TOJBKO Ha JABYX
CKBO3HBIX OTBEPCTHAX. BBIBOABI Takke HMEIOT
3HAYUTEIbHOE  PE3UCTUBHOE U MHAYKTUBHOE
CONPOTHBJIEHHE g  Toka  Harpy3ku. Takke
OOJIBIIMHCTBO KOPITYCOB SIBJISIIOTCS  CJIOXKHBIMH  JIJISt
TEPMUYECKOTO COEAMHEHHs] C IEYaTHOW IUIaTOH u
panuaropoM aist 3GGEeKTUBHOTO oxjaxaeHus. SMD
PE3UCTOPHI UMEIOT IBa KIIIOYEBBIX IPEUMYIIECTBA: OHU
MIPUNAasHBI K ITUPOKHUM IUIOMIAAKaM Ha MeYaTHOH IIiaTe
U OOBIYHO TOHKHMH IUIOCKHMH KOPIYC, YTO IO3BOJISIET
JIETKO yCTaHOBHUTH 3()(PEKTUBHYIO TEIUIOBYIO CBS3b C
paguaTopoM.
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Martepuaibl KOpITyca TaKKe BayKHBbI JIJIs1 TETIIIOBBIX
XapakTepucTtuk.  Pe3ucrtop,  H3rOTOBJIEHHBIM U3
MJacTHKa, HMMEET NPEeHMYIIECTBO B TOM, 4YTO OH
SJIEKTPUYECKH M30JUpOBaH OT panuatopa. OpHako
WHKATCYJSIIASA, KaK IMPaBHIIO, UMEET 0ojee BBICOKOE
TEIJIOBOE COMPOTUBJIEHHUE, YEM CaM HJIEMEHT, I03TOMY
HEKaICyJIMpPOBaHHBIC YCTPOUCTBA MOTYT JOCTHYB OoJee
HU3KOTO OOIIETO TEIIOBOTO CONPOTHBIICHHUS.

Huskas napasuTHast HHAYKTHBHOCTb.
[TapazuTHass MHAYKTUBHOCTb B CEHCOPHOM DJJIEMEHTE
HEMOCPEACTBEHHO  OTPaHUYMBAaEeT  MAaKCHUMAJIbHYIO
CKOPOCTh HapacTaHUs TOKa, KOTOPYIO MOYKHO JOCTHUYb B
2JIeKTpOHHOM Harpy3ke (1), MOCKOIbKY TOK HE MOXKET
pactu ObIcTpee, YeM IMO3BOJIIET HHIYKTHBHOCTE. Kpome
TOTO, MPH OOJBIIUX CKOPOCTSX POCTA TOKA ITapa3uTHas
WHIYKTUBHOCTb CHWXKAET HaIpsSHKEHHE Ha CEHCOPHOM
9JEMEHTE, YTO MPUBOJUT K OTKJIOHEHUIO OT
JNEUCTBUTEIILHOTO  TOKa  Harpy3ku. Ilpu  sTom
MEPEXOAHOE HANPSDKEHHE Ha PE3UCTOpE SIBISIETCA
CYMMOH PE3UCTHBHOIO HAIIPSLKEHHUS U MHAYKTHBHOIO
HaIlpsDKEHUS:
sense/Rsense) X (1 - e_t/t)

Lsense X Rsense)/(l - e_t/t)
t = Lgense/ Rsense

CxeMa ycwiutTesdsl JJIEKTPOHHOW Harpy3Ku He
MOXET OTJIUYUTh WHAYKTUBHYIO YacTh CHUTHajia OT
PE3UCTHBHOM 4YacTH, mMO3TOMY (DAKTUYECKHH TOK
Harpy3KH pacTeT MeJUJICHHEE, YEM CUTHAJ HaNpsDKEHUS
Ha CEHCOPHOM pe3ucTope (puc. 7).

Lsense = (
=(

Vsense

25

20 —

15 J

LA

w0l b F |0 | aeee. Real current, A

Apparent current, A

05 0 0.5 1 1.5 2 25
t, us

Puc. 7. [lepexonHas xapakTepUCTHKA pE3UCTOPA

(5 MOMm ¢ maaYKTHBHOCTHIO | HI'H)

Ha puc. 7 naeanbHblil TOK - 3TO HaNpsKEHUE HA
CEHCOPHOM PE3UCTOPE, KOTOPOE pETYIUpPYyeTCs K
MOCTOSTHHOMY 3HA4EHHIO OTIEPALIMOHHBIM YCHIIUTEIEM B
CXEME Harpy3kH, pearupys Ha IIar BXOJILEro
YIPAaBJSOLLErO HANPSKEHMsL. PeallbHbI TOK OTCTaeT OT
HaIPSKEHUST CEHCOPHOIO PE3UCTOpa € IOCTOSIHHOM
BpemeHu T = 200 He. PakTHUECKUIl TOK corylacyeTcs ¢
YOPaBIAIOIUM CHUTHAJIOM TOJNBKO MOCIE TOTro, Kak
NpOUJET NPUMEPHO 5%T = 1 MKC, YTO HEIAET CXEMY
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Hea((EeKTUBHOM [UIsl TeHepaly ObICTPBIX TEPEXOAHBIX
MPOIIECCOB HAarpy3KH.

OTO OTCTaBaHME MPECTABISIET MPOOIEMy KaK JUIs
SIEKTPOHHOW HArpy3Kd, Tak M Ui Lienedl W3MepeHus
TOKa - 00e MOIDKHBI OBITh KOMIICHCHPOBAHBI Ha
BEJIMYMHY 3TOH MOCTOSHHON BpeMEHU. MHIyKTUBHBIM
CHTHAJ MOXXHO HHBEIIUPOBATh, MPUMEHHWB K CHTHAITY
OJHOTIOJIFOCHBIM  (UIBTP HU3KHUX YacToT. DUIBTP
MOXeT ObITh peanm3oBaH Kak RC-guiptp Ha
CEHCOpPHOM pe3uctope. DUIBTp ClEAyeT BBHIOUPATH
TaKUM 00pa3oM, YTOOBI OCTOSIHHAS BPEMEHH OTBevaa
CEHCOPHOMY PE3UCTOpPY:

t= Rfilter X Cfilter = Lgense/ Rsense

Ecmn ¢unbtp moGaBisieTcss 4depe3 CEHCOPHBIN
pe3UCTOp, HYKHO Yy4ecTb, 9YTOOBI K03(dduimert
ITOCTOSTHHOTO TOKA OMNEPalMOHHOTO YCWINTENsl He
MEHSIICSL.

YrtoOsr obnerunts  mpobiemy 10 ee
BO3HUKHOBEHUSI, BRIOMPAIOT YyBCTBUTENIBHBII PE3UCTOP
C HU3KOH MHAYKTHBHOCTBIO. KOpOTKMi, MIMpOKHH U
TOHKWI PE3UCTUBHBIN JIIEMEHT OyAeT uMeTh Oosee
HHU3KYI0 MHAYKTHBHOCTbD, YeM JIJTMHHBIA M TOHKUH HIIH
CIIUpalbHBIN.

TO4YHOCTb CEHCOPHOTO pe3ucTopa. XOTs 3TO HE
SIBIISIETCS] KPUTUYECKUM JUISl MCIBITAHUH MEePEXOJHBIX
MIPOIIECCOB ~ HArpy3kd,  aOCONIOTHas  TOYHOCTh
JIEKTPOHHON HAarpy3Kd 4Ype3BBIYaWHO BaXKHA, €CIIH
M3MEPEHHBIH TOK OyJeT MCIOJIB30BAaThCS IS pacyera
3¢ (EeKTUBHOCTH TECTHPYEMOTO WCTOYHHKA MUTAHUSA
[12]. DmexTpoHHast Harpy3ka HUKOT/Ia HE MOKET OBITH
TOYHEE, 9€M CaM CEHCOPHBIIl PEe3UCTOP, TTO3TOMY BayKHO
BBIOpATh CEHCOPHBIN PE3UCTOP C BHICOKOW TOUHOCTBHIO.

ITockoJIbKY CEHCOPHBIH PE3UCTOp TaKke OyaeT
paccenBaTh MOIIHOCTh, TEMIIEPATYPHBINA KO HHUIUEHT
conportusienus: (TCR) urpaer 3HaYUTENBHYIO POJIb B
TOYHOCTH HAarpy3kd B HIMPOKOM JHana3oHe MOIIHOCTU
[13]. Tlo Mepe HarpeBaHHsI peE3UCTOpa  €ro
compoTuBiieHHe Ry Takke yBenW4MBaeTcs, Kak
MIPABUIIO, MPSIMO MPONOPLUUOHANBHO Temneparype T:

Ry = Rpom X (1 4+ (T — 25°C) X TCR)

MHoOTrHe NPOMBIIIIEHHBIE CEHCOPHBIE PE3UCTOPHI
nmetoT 3HaueHne TCR Ha yposHe 50 ppm/°C nnm HIKE.
OTO 3KBUBAJICHTHO M3MEHEHHIO COMPOTHUBIICHUS BCETO
Ha 0,5% mnpu moBeimenun Temmeparypsl Ha 100°C.
Ecnu HyxHa Oonblliasi TOYHOCTb, K DIEKTPOHHOI
Harpy3ke MOXHO J00aBUTh CXEMy HW3MEpEeHUs
TeMITepaTyphl. 3aTeM TeKyIIne U3MEPEHHS MOTYT OBbITh
CKOPPEKTHPOBAHbI IOciie cOOpa JaHHBIX Ha OCHOBE
3HaueHuss TCR u Temmeparypbl 3eMEHTa HA MOMEHT
HU3MEpEHUSL.

CeHCOpHBII PE3UCTOP C OTAEABHBIM CIIEUATBHBIM
MOJKTIOYCHUEM THTAHUS M CEHCOpA TAaKKe MOMOTaeT
MOBBICUTH TOYHOCTb. Pa3neneHne coeJMHEHNs Ha IIETh
CHJIBHOTO TOKa M LeNb HU3KOTO TOKA ITO3BOJISIET
UCKJIIOYNUTH NMPHUOABKY K TOKY 3a CUET W3MEPHUTENbHOMN

nenu. Takoe coeaMHEHHWE  OOBIYHO  HA3bIBAIOT
coequHeHueM KenbBUHA, WM  YETHIPEX30HIOBBIM
COeIMHEHHEeM. MHOrue  CEHCOpHBIE  PE3UCTOPHI
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U3rOTOBJICHBI TakuM 00pa3oM, OCOOCHHO Korja
PE3UCTOP PACCUMTAH Ha BBICOKMH TOK W HHU3KOE
COIPOTHUBJICHHE.

MaxkcuMabHbIH TOK. MakcumanbHas cujia ToKa
JIEKTPOHHOM HArpy3kd - 93TO TpocTas (QyHKIusS
HalpsDKEHNS! HCTBITYEMOI'0 HWCTOYHHMKA IUTaHUS |
komOuHMpoBanHOTO conpoTtusieHust Bcex MOSFET u
CEHCOpHBIX  pe3uctopoB, 1pu d3ToM MOSFET
MIOJHOCTBIO  OTKPBITBL.  UTOOBI ~ MpPenoTBPaTHTh
HAChIICHUE YCHIMTENS IIPU MaKCHUMaJIbHOM TOKE
Harpy3KHd, KOHCTPYKIHMSI JIOJDKHA HMMeTh oOiee
HIOCJIE/IOBATENIHOE  CONPOTHBIICHUE,  CYIIECTBEHHO
HIDKE HCCIIEeyeMOro HalpsDKEHHs, pa3/elieHHOro Ha
MaKCHMaJIbHBII TOK:

Rload,min = (RDS + Rsense)/N
Rload,min = Vd,min/lload,max

OTO TO3BOJSIET ONEPAMOHHOMY  YCHIIMTEIIO
ynepxkuBath MOSFET B nuHeiiHOW oOmacté Ha
MaKCHMaJIFHOM  yIpaBisieMOM Toke. Ecmm  Tok
MTOJHAMAETCS BBIIIE 3HAYCHUE |joadmax, IETb HATPY3KH
BXOJIUT B HACKHIIIIEHHE, TOTHOCTHIO OTKphiBass MOSFET,
HO OOINbIIE HE MOXET IOAJEP)KUBATH KOHTPOJIb TOKA
Harpy3Ku.

Koncrpykuus kopmyca. IIockonbKy axkTHBHast
CXeMa YIpaBisieT TOKOM HAarpy3KH, YAEp)KHBaeT
MOSFET B oOmactu  Haceimenus, MOSFET
paccerBaeT OOJNBIIYIO YaCTh MOIIHOCTH B 3JIEKTPOHHOU
Harpy3ke. CEHCOpHBIH pPE3UCTOp TaKKe pacceuBaeT
MOIIHOCTb, ~ MPONOPLMOHAIBHYIO  KBajJpary TOKa
Harpy3ku. Ilockombky pesuctop wu  MOSFET
paccerBalOT 3HAYMUTEIBHYIO MOIIHOCTh, WX CIIEIyeT
BBIOMpATh THIATENBHO. TeruioBass KOHCTPYKIHS OYEHb
Ba)KHA, OJTO IMO3BOJINT W30€XaThb ITOBPEKICHUH,
BBI3BAHHBIX N30BITOUHBIM HarPEBaHNUEM.

PaBHomepHoe pacnpenejienue TOJIHOM
momHocTu. Eciiu 1 MOSFET, u ceHCcOopHBIiT pe3ucTop
UMEIOT  OJMHAKOBYI0  MOIIHOCTb,  KOHCTPYKIIHIO
AJIEKTPOHHOTO HArpy3Kd MOXKHO ONTHMH3HMPOBATH,
pacripeieslMB  MOIHOCTH MEXAY TPAH3UCTOPOM U
CEHCOPHBIM AJIEMEHTOM NPU MaKCHMaJIbHOM TOKeE. DTO
JIOCTUTAeTCs YCTAaHOBKOM 3HAYEHUS! YyBCTBHTEIHEHOTO
pesucTopa TPUMEpPHO paBHBIM Rps  OTKphITOro
MOSFET [14]. DToT MeTom Takke MHHUMHU3UPYET
ITUKOBYFO MOIIHOCTh KaK B CEHCOPHBIX PE3UCTOpax, TaK
u B MOSFET, oanHako 00s3bIBaET peain3oBaTh
OXJIQXKICHUSI CEHCOPHBIX PE3UCTOPOB.

I'papux Ha pucyHke & TOKa3BIBaeT, Kak
pacceuBaercs MomHocth B MOSFET u ceHcopHBIX

pe3rcTopax B 3aBHCUMOCTH OT Harpy3ku. Ecnnm
TPaH3UCTOPHl WM CEHCOPHBIE PE3HMCTOPHI SIBISETCS
OTPaHUYUTEIIBHBIM (axTopom Juis o01eit

pacceuBaeMoil MOIIHOCTH, OallaHC COMPOTUBIICHUS
Rioadmin MOXeET OBITh CMEIICH, YTOOBI YMCHBIIUTH
MOIIHOCTh B TPaH3UCTOPE WJIM CEHCOPHOM PE3UCTOPE,
3a cyeT Oojee BBICOKOH IIMKOBOW MOIIHOCTH B
00paTHOM KOMITOHEHTE.
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Puc. 8. Mouinocth, kotopsie Beiaensitorcss B MOSFET
U CEHCOPHOM PE3HCTOPE B 3aBUCHMOCTH OT TOKa
Harpy3Ku

Hcrnonb3ys 3Ty cxeMy NpU ypOBHSX TOKa HUKE
Makcumansaoro, MOSFET Bcerma paccenBaeT OoibIiie
MOIIIHOCTH, 4Y€M CEHCOPHBIM pPE3UCTOp, IOCKOJIBKY
OoJbIIas YacTh MAJCHUS HANPSHKCHUS MPOUCXOINUT Ha
MOSFET. bananc paccemBacMOil MOIIHOCTH TaKXe
CUIIFHO BapbHPYETCS B 3aBUCHMOCTH OT HAIPSHKCHUS
HCIBITYEMOTO UCTOYHHKA TTUTAHUS.

3. Bbl0Op KOMIIOHEHTOB M HMX pacuer: BbIOOp
onepanoHHOro YCHJIUTEJIS. OmneparoHHbIi
YCHIINTENh JODKEH HMETh JOCTAaTOYHYIO BBIXOIJHYIO
MOIIIHOCTh, 4TOOBI ympaBiath 3atBopom MOSFET,
KOTOPBIi IpeicTaBiIsIeT co00il EMKOCTHYIO HArpy3Ky Ha
OTIepallMOHHBIA ycunuTens. Cuna Toka ynpaBlIeHHS U
CKOPOCTh CHIDKEHUSI HANpsOKEHUs] TakKKe SBISIOTCS
BRXHBIMH TapaMeTpaMH MPU BBIOOPE OMEPaIMOHHOTO
yCUIuTeNs, OCOOCHHO Korga TpeOyercst Oouibinas
CKOPOCTb CHIKEHUS TOKa HArpy3KHu.

OnHonoasipHoe NUTAHHE. ITockonbky
SJIEKTPOHHAsl HAarpy3ka JOJDKHA HMETh JIMHEHHYIO
PEaKIio OT HyJIEBOTO 3HAYEHUS A0 MOJHON HATPY3KH,
JOCTAaTOYHO OIHOMIOJSIPHOTO MHUTaHUsS. J[BymomspHoe
MUTAaHUE HE SBISIETCA HEOOXOIMMBIM, IOCKOJIBKY
MOSFET mnepectaer npoBOIUTh TOK, KOTJa BEIXOTHOE
HaNpsOUKCHHUE YCHIIMTENS MEHbIIE, YeM IOpOTOBOE
HampspkeHue 3atBopa Vgs. OJHaKO ornepanoHHBIN
YCHJIUTEIh M €r0 MUTAHUC JOJDKHBI OBITh BBHIOPAHBI
TakuM 00pa3oM, dYTOOBl HANpPSHKCHUE Ha 3aTBOpE
MOSFET 65110 7OCTaTOYHO BBICOKHM IS JOCTHIKEHUS
MaKCUMaJIbHO  JKEJaeMOro TOKa Harpy3ku. OITO
03HAYAEeT, YTO BBIXOJIHOE HANPSKEHUE ONEPALUOHHOTO
YCUJINTENSA JOJDKHO MNPEBBIATh o4 max X Rsense T
Vs, DTOT KpuUTEpU CYIIECTBEHHO CYXKAeT JHMara3oH
OTICPAIIMOHHBIX ~ YCHIIUTENEeH, TOCKOJIBKY MHOTHE
YCTPOMCTBA C OJHOTMOJISIPHBIM MUTAHUEM OTPAHUYEHBI
HanpspkeHueM +5 B. JIoCcTynHO 3HAUMTENbHO MEHbILE
OTEPALIMOHHBIX  YCHJINTENEeH,  KOTOpBIE  HMMEIOT
HanpspKeHue nutanus 12B unu Bole.

Tounocth ycuaurtens. TouyHbI ONEpallMOHHBIN
yCWINTENb  OOeclieuMBaeT  JIy4llyld  TOYHOCTh
YCTaHOBKH TOKa Harpy3KH B 3aBUCHUMOCTH OT BXOJHOTO
KOHTPOJILHOTO CUTHAJIA. JTO JeJIaeT Harpy3Ky Npolle B
ucnojp3oBaHud U crabuipHee [15]. Huskue BXOIHBIC
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HaNpSDKEHUS CMEIIEHWs MOTYT YMEHBIIUTbh WIH
YCTPaHUTh CMELICHUE TOKa HAarpy3KH, 0OCOOEHHO Korja
curHan ynpasieHus pased 0 B. Huzkue BXoHbIe TOKU
CMELIEHHUs]  IO3BOJIIIOT ~ MCIONB30BaTh  OoJIbIlee
COIIPOTHBIICHNE BXOAHOTO CUTHAIA M 0OPAaTHOM CBSI3H B
cxeMe audepeHITnaTbHOTO YCHIHTENS, YTO, B CBOIO
odepelb, yIydllaeT BXOJHOE COPOTHUBICHHUE.

H3mepenne Toka. B nononHeHne kK 06ecTie4eHNIO
OBICTPOrO W TOYHOTO 3HAYEHUS TOKA HArpy3KH, cXema
TaKkKe [OJDKHA BKIIIOYATh CPENCTBA KOHTPOIS TOKa
Harpy3ku. OOBIYHO 3TO BBIXOIAHOM CHTHAN, KOTOPBIH
MOXKHO TMOJKIIOYUTH K BXOIy H3MEPHUTEIHHOTO
ycrpoiictBa (puc. 4), 4To0bI 00eceunTh rpaduecKyro
WHIUKAUWI0 (GOpPMBI TOKAa HAarpy3KH B PEXHMeE
peanbHOrOo BpeMeHHM. Ecnm 11 u3MepeHHs TOKa
Harpy3Kd HCHONB3YeTCsl OTAENbHBIN YCHUIHUTENb, €ro
TOYHOCTH MOXET YMCHBIINTh WIH  YCTPaHHTH
MOTPEOHOCTh B KannOpoBKE. DTO OCOOCHHO IOJIE3HO
JUTS Harpy30K C OYeHb CHIIBHBIM TOKOM, B 9TOM CIIy4ae
MOJKET OBITh HEBO3MOYKHO HAMTH MPEIM3UOHHBIN ITyHT,
3aTPYIOHSISI WK Jeas HEBO3MOKHBIM KaJHOPOBKH IO
BHELIHEMY 3TalloHOM. IIpocToil cxeMoil KOHTPOJIs TOKa
SBJISIETCS ~ CYMMHPYIOIIMM  yCHJIMTENb, KOTOPBIN
TeHepupyeT BBIXOJTHOE HaTnpsHKEeHue,
MIPONOPIIMOHATIBHOE TOKY Harpy3KH.

OgHMM U3 BO3MOXHBIX YCOBEPIIEHCTBOBAHUI
SBISIETCS  TpeoOpa3oBaHME  BBIXOJHOTO  CHTHANA
ycuiuTenst B UCTOYHMK Toka (puc. 4). 310
oOecrieunBaeT BBIXOAHOW TOK, HPOIOPINOHAIBHBIA
TOKy Harpy3ku. Takoil MOAXOJ HMEET HEKOTOphIE
MPEUMYIIECTBa  TepeJ  CUTHAIOM  HAIPSDKCHUS.
OTnenbHBIE BBIXOABI MCTOYHHKA TOKA MOXKHO JIETKO
CYMMHPOBAaTh, IIO/IaBasi MX HA €OUHBINH PE3UCTOp, UTO
MO3BOJISIET ~ HECKOJNBKUM  yCTPONCTBaM  Harpy3ku
coobmare 00  oOmeM TOKe  Harpy3kd  0e3
HEOOXOJMMOCTH  JIOTIOJHUTEIBHOTO CYMMHPYIOLIETO
ycunurens. BBIXOABl MCTOYHMKA TOKa TakXKe MEHee
YYBCTBUTENbHbl K IIyMy, BBI3BAHHOMY CJBHI'aMH
MOTEHIMala 3eMJIM MEXJy YCTPOMCTBOM HAarpy3ku U
M3MEPUTENBHBIM  000pY/IOBaHHEM, OCOOCHHO —€CIIi
CYMMUPYIOIIHN pe3ucTop PpacmonoxeH Ha
H3MEPUTEIHHOM 000pyI0BaHHH.

Cxema M3MEepeHHUs TOKa WIH MOHUTOPHHTA MOXKET
OBITh ONTUMH3UPOBAHA IS TOYHOCTH WIH IS
CKOpPOCTH W TPOITYCKHOU crocoOHOoCTH. [lepBoe mmeer
Ba)XKHOE 3HAYCHHUE, €CITU JJIEKTPOHHAs Harpyska OyjeT
UCIIONIb30BaThCs ISl M3MepeHus: IPPEKTUBHOCTH, TIC
MOCTOSTHHBIH TOK Harpy3Kd JOJDKEH OBITh TOYHO
n3BecteH. [locnennee sBIseTCs BaXKHBIM AJIS aHAIU3a
NepexoqHoil peakuuu, rae Qopma curHaia TOKa
Harpy3kd SIBISICTCS ~ KPUTHUYECKOH JJIsI  TOYHOTO
MIPEICTABIEHU CKOPOCTH HapacTaHWs TOKA Harpys3KH.
Bo MHOrux cmywasx MOXHO JOCTHYb XOPOIIEro
KOMIPOMHCCA MEXKAY CKOPOCTBIO M TOYHOCTHIO.
Ycunurenun ¢ Oosiee BBICOKOW TOYHOCTBIO OOBIYHO
TTOIICP>KUBAIOT MEHBIIIYIO ITOJIOCY MTPOIYCKAHUS, TOTIa
Kak Ooyee OBICTpHIC YCHIINTENH, KaK HMPaBHIIO, HMEIOT
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OoJiee BBICOKHE BXOJHBIC HAIPSOHKEHUS] CMEIICHUS M
TOKH CMEIICHHS.

4. CxemoTexHHYecKoe  pemieHue  0joka
3J1eKTPOHHOI Harpy3ku. Ha ocHOBe paccMOTpEHHBIX
(U3MUECKHX W CXEMHBIX pENICHHH 110 peanu3anuu
OmoKa DJIEKTPOHHOM Harpy3ku Obima paspaboraHa
JJIEKTPUYECKas CXeMa, NPHBEACHHAs Ha pHUCYHKe 9.
Pa3zpaboTanHbIif OOK TPEmMIOKEHO pearn3oBaTh Ha
OCHOBE YETBIPEX MapaJUIENbHBIX II€Tei, KOTOpbIE
peamm3oBanbl Ha ocHOBe MOSFET-Tpan3ucTopos
(MakcUMaNbHBIH TOK Harpy3kd 1m0 80 A Kaabli).
Yka3aHHbIE TPAH3UCTOPHI YIPABISIIOTCS Yepe3 YeThIpe
OJTHOTIOJISIPHBIE OTepaloOHHbIE YCUIIUTEIH,
o0beanHeHHBIe B MuKpocxeme LM324. VYmpasnenue
OJIOKOM 3JIEKTPOHHOW Harpy3ku peajn30BaHO 3a CUET

yIpaBIeHUs HalpsDKeHHEM Ha BBIBOJIaX
TTOJIOKUTEITLHON oOpaTHOH CBSI3H, KOTOpoOe
JONOJHUTEIBHO  CTAOWIM3MPOBAHA  MHKPOCXEMOH

TL431. [uTaercs OIOK OT WCTOYHHWKA ITOCTOSHHOTO
CTaOMIM3MPOBAaHHOTO TOKa C HampsbkeHnem 12 B
(mpexmycMoTpeHa JOMONHUTENbHAS (QWIBTPALUsS OT
KOJeOaHUN HATIPSKEHS).

ot Ll

Puc. 9. Dnexrpuyeckas cxema 0JI0Ka DIIEKTPOHHOM
Harpys3Ku

BuiBoabl

[IpoBeneH aHaiU3 CXEMOTEXHUYECKHX pPELIEHUI
JUIL  CO3JaHMS  CHEIMATU3HMPOBAHHOTO  PEIICHUSA
JIEKTPOHHONH HAarpy3kd C MHKPOKOHTPOJUIEPHBIM
ynpaBienueM. OrpenieieHsl OCHOBHBIE KPHUTEPHH U
napaMeTpbl, KOTOPbIE MO3BOJISIOT JOCTUYL BBICOKOM
CKOPOCTH MEPEXOJHBIX MPOILECCOB M HU3KOIO OO0IIEero
COINIPOTHUBJICHU, a TAaKXke MpeJI0KeHa MpocTas cxeMa
peanuzaumu  Takoro  mpubopa. Ha  ocHoBe
PacCMOTPEHHBIX (PU3UYECKUX U CXEMHBIX PEIICHUH MO
peanm3anuu  OJOKa SJIEKTPOHHOW Harpy3ku Obuia
paspaboraHa ero (yHKUMOHAJIBbHAS DIEKTpHUYECKas
cxema.
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Lndposas cucreMa ynpasjieHus 15 KOONEPATHBHOIO MpeoGpa3oBaTes
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AHHoOTamus. B pabome paccmompena yuppogas cumema ynpasnenus (L{CY) xoonepamuenvim cunosbim akmueHbiM
¢unompom, paspabomarnuas Ha ocHoge mukpokonmpoaiepa cemeticmea STM32. [Ipoananuzupogarnst ocobennocmu ee
pabomwl. Ilpusedenvt pesyivmamvl Qusuyeckozo mooeruposanua L[CY. I[lokaszano, pecypcvl MUKpoKoOHmpoaiepa
00uge2o Ha3HayeHus 00CMamoyHsl OJis peuleHus no00OHOI 3a0aUil.

KoiroueBsble ci10Ba. yughposas cucmema ynpagienus, cucmema peanrbHo20 6peMeHi, KOONepamueHbvlii npeoopazoeamen,
yugposasi 0bpabomka cusHaI08, NOJOCOBOI epebenuamblil puibmp.

Digital control system for cooperative converter

Volodymyr Zamaruiev, Candidate Degree in Technical Science, Professor,

NTU "KhPI" (Ukraine, Kharkiv), e-mail: volodymyr.zamaruiev@khpi.edu.ua
Bohdan Styslo, Candidate Degree in Technical Science, Associate Professor,

NTU "KhPI" (Ukraine, Kharkiv), e-mail: bohdan.styslo@khpi.edu.ua

Summary. The paper considers a digital control system (DCS) of a cooperative active power filter, developed on the
basis of a microcontroller of the STM32 family. The features of DCS’s work are analyzed. The results of physical modeling
of the one are presented. It is shown that the resources of a general-purpose microcontroller are sufficient to solve such

a problem.

Keywords: digital control system, real time system, cooperative converter, digital signal processing, band-pass comb

filter.

BBenenne. Boppba 3a olecrieueHue dIIEKTPO-
MarHMTHOW COBMECTUMOCTH TOTpeOHMTENel 3JIeKTpO-
SHEPrHH, WCHONB3YIOIIMX B CBOEM COCTaBe IOJY-
MIPOBO/IHMKOBBIE  Ipeo0pa3oBaTeny, B OCHOBHOM
BBINIPSIMHUTEIH, C CETHIO MHUTAHUS, NPHUBEJIA K ITHPOKOMY
pacnpoCTpaHeHHI0 Pa3HOOOPA3HBIX CHIIOBBIX aKTHBHBIX
¢utetpoB  (CAD) [1,2]. B ocHOBaHMM 3aKOHOB
ynpasnenus 3tuMu CA®, kak NpaBUIO, JEXKUT TEOPHS
Axaru (Akagi) [3] u ee MomnduKaiim, mpeaoIararIe
aHaJIM3 CUTHAJIOB OOPATHOM CBSI3M BO BPEMEHHON 001aCTH.
[ouck mytn MuHUME3aOUH MomHOCTH TOTeph CAD
TMpUBEJI K TIOSBJICHUIO KJ1acca KOONIEPAaTUBHBIX
npeobpasoBareneii [4, 5], paboTaroIuX KaKaslii B CBOEM
YaCTOTHOM AHAINas3soHE, IMPHYEM OTH AUala3soOHbl HE
nepecekarorcs. B pamkax p-q teopuu ynpasienue CA® c

TaKMMH  TpeoOpa3oBaresisiMd  HEBO3MOXHO.  Jlis
yIpaBieHWss  KOOIEPaTHBHBIMH  NpeoOpa3oBaTesiMu
MIPEATIOKEHO ~ UCIIONB30BaTh  00pabOTKy  CHUTHAlOB

oOpaTHOI CBS3WM B YacCTOTHOM 0OJacTH C pasjesieHuEeM
CHTHAJIOB YIPAaBJICHUS C BBHIICICHHEM KOHKPETHBIX
rapmoHuK [6]. HopMupoBamwue mapameTpoB KauecTBa TOKa
TaK € OCHOBAaHO HA YaCTOTHBIX MeTOZax aHamuza [7, 8],
YTO yIpoIiaeT pa3paboTKy cuctemsl yrpasieHus CAD.
Paspabotka mudpossix cucrem ympasnenus (LICY),
B OCHOBHOM, OCHOBBIBAeTCSl Ha IHU(POBBIX CHIHAIBHBIX
nporeccopax (DSP) [9]. Ommako, B myOiukamusx He
packpeiBaeTcs moapobHocTn  peanmusarmu  LICY  u
nporpaMmHoro koga DSP. Takoif moaxox Wckiroyaer
HECYyIECTBEHHbIE, MO MHEHHIO aBTOPOB, JETallk, HO
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CYIIECTBEHHO 3aTPY/HSIET MOSBICHHE MOCIeI0BaTENIeH NX
uccnenoanuii. OpuentrpoBanue pazpadorankos [ICY Ha
DSP  cyiecTBeHHO TOBBINIACT IMOPOT BXOXKACHUS B
paspadorky IIOC CA®D, gemas ero 3a4acTyro
HENpeoJOIMMBIM JIIS SHTY3HAaCTOB, YUeOHBIX 3aBEeACHUN 1
MOJIO/IBIX JTA00paTOPHHA.

Hennlo naHHOil padoThI ABISETCS JEMOHCTpPALMS
BO3MOKHOCTH  pealu3allii  OCHOBHOro ysma CVY
koorepatuBHEIMA CA® — mMOIOCOBOTO TPeOSHYATOro
¢urpTpa Ha MHKPOKOHTpOJUIEpE OOIIero Ha3HauYeHHS,
aHaIM3  TPUYMH  BO3HUKHOBEHMS  ITOTPEIIHOCTEH,
BHOCHMBIX JAaHHBIM Y3JIOM U IIyTEH UX YCTPaHEHMUS.

KoonepatuBupiii CA®. OyHKkunoHaNbHas cxema
tunoBoro mnapamwiensHoro CA® 6e3 oOparHoOil cBs3U
(cucrema, paboraromias MO0 BO3MYILICHHIO) IPUBEIECHA Ha
puc. 1. Tlpeanonaraem, uto CA® paboTaer ¢ MUPOTHO-
UMITYJIbCHOH MOJTYJISIIIHEH.

CeTb IATAaHUS Hemneiinas
Uner Harpyska
lycr I
N 0~ W
@ | L A

A CAD

I_ I |

| |

| @ « cy

: |

L_Il____CAd ]

Puc. 1. Tunosoii napayutensHbiit CAD
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incT= int icao 1)
IpU STOM

ig= i1+ THrapy, 2

ica®= - THrapw, ?3)

rAe iyl — OCHOBHAs TapMOHHMKA TOKA HATPY3KH, ikrapw —
BBICIIIE€ TADMOHHKH TOKa Harpy3KH (CyOrapMOHHYECKUMHU
COCTaBIISIOIIMMHE TOKA IIpeHeOperaem).

OynkimonansHag cxema LICY CA® mpuseneHa Ha
puc. 2. B ee coctas Bxoaut AllIl, uzmepsromuii ypoBeHb
BXOMHOTO cHrHanma c¢ yactorod fs, Gmok mudpooit
obopabotku currana (IIOC), wmomymarop (M) w
pacipenenuTens HMMIYJIbCOB  YIPABICHUS — KIIOYAMH
TTONYIIPOBOJHUKOBOTO KoMMmyTtatopa (PU). Ilockomsky
paccmatpuBaercss LICY CA®, To Ha BXoa MOAyasITOpa
MOIAETCST TUCKPETHBIM CHTHAT YIIPaBIEHHS C 4acToTOoH fy.
Vpasnenue ocymecTsisercsi ¢ yactotoi fpwm. Ecimm we
HCITIONB3YETCS PEKUM Tiepeanckperusanud, To fs = fy. Tpu
HEKPaTHOM COOTHOIICHHUH YacToT yrpasnenus fy u IHUM
fewm B BeIXOHOM curnane LICY CA® Bo3HMKAIOT OueHMS
Ha Pa3HOCTHBIX YacTOTaX, IPH KPaTHO OOJbIIEH YacToTe

yhnpaBieHuss  HaOmromaercs  moTepss — MHGOpManyu
ynpaBlieHHs U3-3a HepocTaTouHoH yacTotsl LIIVM, a npu
kpatHO Oompbmreit wactore MMM — HemocTtaTok
nHpopmarn YIIpaBIeHUS TSt OOHOBIICHNUS

Ko uIIeHTA 3aTI0THEHHS Ha Kak oM nHTepsaie [LINM.
IIpn mcnonbp30BaHMM MHKPOKOHTPOJIEPOB HEBBICOKOTO
OBICTPOICHUCTBHSA

fs = fy = fpwm ; 4)
B PEKHUME NIEPEAUCKPETU3ALINN
fs =N ( fy = fPWM ), rae N=2,3,4... . (5)
T
Iy ! T
— AL > HOC > M = P |t
| >
| |
| LHCY CAD

Puc. 2. Tunosas IICY CA®D

Cunxponmanus npocreiimumx LICY mpowmsBomutcs

oT Taiimepa, ¢opmupytomero curHan [NUM -
MOJYJIATOpa, OJHAKO IIEJIeCO00pa3HO  HCIIOIB30BaTh
BBIZICJICHHBIH ~ TaliMep,  (opMHpYyrOIMHA  TaKTOBbIC

umnynbebl cuaxponmsaiuu AL Clkapc 1 Momynsitopa
clkpwm ¢ cooTBeTCTBYIONIMME YacTOTaMu. IIpu paBeHCTBE
YacTOT, 3TH HUMITYJIbCBl MOTYT HUMETh (DMKCUPOBaHHBIN
BPEMEHHOM CABMI oOrpaHuueHHbId mnepuomom IINUM
0 < tegs Tumm - XapaxrepHsle BpeMeHHbIe HHTepBaiibl LICY
TIPUBEJICHBI Ha puC. 3.

Cunxponmszauus ALl npousBoauTCs UMIYJIbCaMU
Clkapc (Puc. 3,a). Ot mMomeHTa cuUHXpoHHU3auu t; 10
MOMEHTa 3axBaTa CHTHala YCTPOWCTBOM BBIOOPKH-
xpa"enus (YBX) t> mpoxomur mHTEpBan BpeMeHH {i-{o.
OTOT MHTEpBaN HEe OKa3bIBaeT BISHUA Ha padoty CVY, a
HIIb (GOPMUPYET BPEMEHHON CIOBUT MEXIY MOMEHTOM
CHHXPOHM3AIMH M TOYKOW M3MepeHus (t.,). M3mepeHus
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AIIII, HagaBImmecs B MOMEHT {7 3aKaHIMBAIOTCSI B MOMEHT
Bpemend t3 (tarm Puc. 3,8). 3HaueHne curHana Ha BBIXOJE
ALIT otuaetcs oT Tekymiero Ha Bennuuny A; (Puc. 3,e),
KOTOpast 3aBUCHT OT UTUTEIIFHOCTH UHTEPBaIa H3MEPEHHUS
U CKOPOCTH M3MEHEHHA CHTHala. B MOMeHT {3 HaunmHaeTcs
mudpoBas o0paboTka CHrHaja, 3aKaHYUBAIOMIASACT K
MomenTy Bpemenu t4 (tyoc Puc. 3,r). B stor Moment
BPEMEHM OTKJIOHEHHE TEKYIIEero 3Ha4eHHs CHUrHaia OT
ucxoaHoro gocruraet A; (Puc. 3, e). O0wmast JuITensHOCTh
06paboTku curHaia tr-t4 (tos, Prc. 3). Curnan ynpapieHus
MOJYJISITOpOM COpMHPOBAaH B MOMEHT BpEMEHH U4
(oTkOHEHHE — A2), HO MOCKONBKY B MUKPOKOHTPOJLIEpax
ko3 durtuent 3anonuerus [1IM noymkeH ObITh H3BECTEH
B MOMECHT Havaja nepruoja, To nepuoa [IIMM moxeT ObITh
Hayar B MoMmeHT ts (Puc. 3,1). OTKIOHEHHME TEKyIIero
3HAUYCHUs CHTHAJIA OT HCXOJAHOTO B 3TOT MOMEHT
mocturaer Az (Puc. 3,e). Cumxponmzamus [HNM
MPOU3BOJUTCSL  UMITYJIbCAMU clkpwm (Puc. 3,0),
OTCTOSIIIUMU OT MMITYJIbCOB cuHXpoHu3auuu ALl Ha
uHTEpBaN l.. Takoil anroput™M paboTHl OOecreunBacT
MUHUMANBHBIN 1 (PUKCHPOBAHHBIN HHTEPBAT CABUTA {oys.

clk
ol

ClkaM <_tCEB_> f
0) T >
i i |
6) >
1oC T t
e >
PW?\/I t
ol M
tlty |tz t4 |15 ts t
baf L | e T
tALl”—-» le— |« L >
< » tHOC
toﬁp < >
IH x y
¥
A4 A 4
a4

e)

—+y

Puc. 3. Bpemennsle unrepsainst LICY

Ucxoms w3 nmarpamm puc. 3, TJIaBHOW 3ajgadeit
nporpammucta LICY, sBuseTcs yMeHBbIIEHHE BpEeMEHH
OC u cTabunu3anus JIUTeIbHOCTH HHTEPBAIOB t1-ty 1 t3-
ts+  (wmrenpHOCTH HWHTepBama tr-t3  ompenessercs
anmaparHo). OTO MO3BOJIUT YMEHBIIUTh MHTEpBAl {c, 3a
CUeT yMEHbIIeHUs uHTepBaia t-ts u, crenoBaTenbHO,
YMEHBIINTh OTKJIOHEHHE Az. CyMMa BpeMEH 3aJePKKH tray
1 00paboTKH curHana tys, He MOXKET MPEBBILIATH NIEPUO/IA
UM Tumm. UWaTepBanm  Bpemenn tp  Moxer
HCIOJIb30BaTbCSl  JJISL  JOTOJIHUTENLHBIX — BBIYMCICHUN
Oey.
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Briciime rapMOHHUKH TOKa HAarpy3ku (2) MoryT ObITh

IpeaCTaBJICHbBl B BHIEC HU3K0YaCTOTHOU iHrapMH‘I u
BBICOKOYAaCTOTHOM iHrapMBq COCTaBJIAIOIINX
iHrapM = iHrapMH‘—I + iHrapMBq- (6)

Jis ToaBIeHUS STHX COCTABIIAIONINX TOKA MOXET OBITh
ucrons3oBad  koomepartuBHslii CA® [5], koTopsrit
OTJINYAETCsS OT PACCMOTPEHHOTO TEM, YTO COCTOUT, HE
MeHee YeM M3 IIByX IpeoOpa3oBarenei, MoJaBIIsIONX
TapMOHMKH Ka)KAbI B CBOEM YaCTOTHOM JIHAIla30He
)
®)
Bcenencteue osroro  6moxk  [IOC  kaxmoro wu3
npeoOpa3oBatenieii  BKJIOYaeT B ce0s  MMOJIOCOBOM
rpebenyarsiii puasTp [6]. LICY koomeparusroro CA®D
npuseneHa Ha puc. 4. Yactors! IIIMM BeICOKOUaCTOTHOTO
U HHU3KOYACTOTHOTO KAaHAJIIOB MOTYT OTJIMYAThCA IPH
ylIoBieTBOpeHuH Tpebosanuii (4), (5). B mpocreiinem
cayqae, LOC cBoguTcs K BBIACJIECHUIO 3aJaHHBIX
TapMOHUK ¥ (OPMHPOBAaHUIO CHTHada ympasieHus Uy
COOTBETCTBYIOIIIM MOy TOPOM.

IcA®uy= - IHrapmHUY,

IcA®B= - |HrapMB'~l-

I fs i fowme I
| ——>
| HOC UYHl{' MH'{ N ._>...l ______
| U H —
HI Vin
—T > ALl fyna fowMey :
| >
Uvsa 5
I HOC Dy, M,, | PU [t
L o __ LCY CA®,

Puc. 4. LICVY koomnepatuBaOro CA®

B nannom cnyuae, nis ouenku LICY mocratouHo
CcpaBHUTH BXOMHON curHan CY W CHTHANBI YIIPaBICHHS
MOJIYJISITOPAMHU.

TecroBbiii creHa. Jlna wuccnenoanms [ICY
pa3pabotan TECTOBBIN CTEHJ, [IO3BOJISIFOIINNA
CMOJIETTUPOBATh MPOU3BOJIbHEIN BX0aHOH curHai LICY u
OIICHUTh, COOTBETCTBEHHO, €€ OTKJIHK. [locKombKy
paccMaTpuBaeTCsl CUCTeMa Ha OCHOBE MUKPOKOHTPOJIIepa
o0lIero Ha3HAYCHHWS, TO B COCTaB CTCHJA BXOMST
otnmagounsie miatel Nucleo-F429Z1 u Nucleo-F767ZI
[10]. OrnuuuTenbHBIMH OCOOEHHOCTAMH OTHX IUIAT,
TTOBITMSBIIINMU Ha BBIOOD, siBIsieTcs Haymmaue ALIT, 6moka
BBIYHCIICHUI C IUTaBaroOIIeH 3amsaTodl U pabodas gacToTa
180 MI'm w 216 MI'm. [lomomHWTENBEHOE YIOOCTBO

MPEIOCTaBIACT ABYXKAaHAJIBHBIM  IH(PO-aHAJIOTOBEIHA
mpeobpa3oBaTeb.
Bxognoe  mampsbkenme ALl Ui (Puc. 4)

¢dbopmupyercss npu nomou 12 paspsanoro LAIT ¢
JIUCKPETHOCThIO SMKC. DopMa HampsiKeHUs 3a7aeTcs B
aHAJUTHYECKOM BHUJIE

Ui, = sinwt + Y,; A; siniwt ,

©9)
/i€ ® —4acTOTa OCHOBHOM FapMOHUKHU BXOJHOT'O CUTHaa,
i — HOMepa y4WThIBaeMbIX rapMoHuk, Aj = 1/i. ®opma
BXOJHOTO HaNpsKEHUs, YYUTBIBAIOLIEr0 FapMOHUKH 5, 7,
11 1 13 mpuBeneHa Ha puc. 5. Yactora nepBoii rapMOHUKH
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npunsaTa 50 I'n. Ilockoneky hopMa HanpsHKEHUS 3a1aeTCs
AQHAJMTHYECKH, TO JIETKO CHHTE3UPOBATh (JOpMY CHTHANA,
COOTBETCTBYIOIIYIO JTI0OOMY aHCaMOITI0 TAPMOHHK.

RIGOL

CH1 500mYy 2.000ms

Drelay:0.000000

Puc. 5. ®opma BXOTHOTO HANPSKEHUS, YUUTHIBAIOIIETO
rapMoHuku 5, 7, 11 u 13

CrpykrypHas cxema LICY TectoBOro creHaa
npeacrapieHa Ha puc. 6. OHa BritouaeT B cebst ALII,
rpebeHuarkiii mojgocoBor GuibTp N-ro nopsaka. Curnan
yIpaBJIeHUs, Uil yO00CTBa BU3YyaJM3allluK, MOJAaeTCs Ha
LATL

fs fy

U
Dy —

Uin

— >

AL LIAIT

Puc. 6. Ctpykrypnas cxema LICY tecroBoro cresaa

I'pebenyuareiii  MOMOCOBOW  (QUIIBTP peaM30BaH

MyTeM CBEPTKU JUCKPET TEKYyIIero CUTHAJIA C SAPOM
JHupuxie N-ro nopsinka Dy [6]. B cootBercTBuH ¢ (4) 310
HaKJIapIBaeT OrpaHUYCHHS Ha 4acTOTHI curHaioB LICY —
nockonbKy N-it nopsnoxk sapa noapasymenaeT N BEIOOpoK
Ha TEpPUOJIE€ OCHOBHOM YAacTOTBHl CHUTHAjJa, TO 4acToTa
IITMM B N pa3 Gosbliie 4acTOTHI IIEPBOI TAPMOHUKH.
(10)
OO6bryHo  wacrora IIIMIM BolOupaeTrcss ucxoas U3
Ko3¢duimenTa Moy stiun 1o actote P [11], koTopsrit
onpenenser npesplieHue yactorel 1IIMM nHan yacroToit
MaKCHMaJIbHOI OAABIIEMON FAPMOHNKH U TPUHIMACTCS
B muanasone (8-12). B stom ciyuae nopsnaok ¢uistpa N
ormpenersieTcs Kak:

fowm = N fy .

N = p*M, (11)
rie p — koaddunmeHt Moxyssiuuu 1o yactore; M — Homep
MaKCHMAaJIbHOH MOJaBIsIeMON TapMOHHKH.

I[IporpamMHubIe penieHusi, MCNOJIb30BAaHHbIE B
TecToBOM  creHae. Jlng  moxaenupoBanus — LICY
ucnons3yercs Nucleo-F767Z1 ¢ rtaktoBoii uactoroii
200 MI'n. PaccmoTpyM KpUTHUHBIE BpeMeHa, KOTOpHIE,
coriacHO rpadukoB puc. 3, BIUAIOT HAa ToyHOCTH LICVY.
MaxkcumansHoe ObicTpogneiictBue ALl KoHKpeTHOTO
MHUKPOKOHTPOJIJIEPA OIPEAEISIETCST €ro  anmapaTHBIMA
pecypcamu u 6e3 YMEHBILICHUS TOYHOCTH
mpeoOpa3oBaHus HE MOXET OBITh YMEHBIIEHO. B manHOM
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npuMepe ucnoip3yercs 12-paspsauasiii AL ¢ Bpemenem
mpeobpazoBanus 15 takroB — 0,6 mxc. CrnemoBaTensHO,
OCHOBHOE BHHUMAaHHE HEOOXOAMMO YACIUTH Pean3aluu
OIlepaIuu CBEPTKH.

B awuckperHOM citydae cBépTka BxomHoH ¢yHkimn f
c saapoM mpeoOpazoBaHusi D coOTBeTCTByeT cymme
MIPOU3BEICHUM

(f*D)(x)=f(1)Dn-1+ f(2)Dn-ot f(3)Dn-at... f(N)D1. (12)

Hcnonp3yem 3Hauenus sapa Jupuxie tuma float
OJVHApPHOW TOYHOCTH U IIEJIOYUCIICHHBIE 3HAYCHHUS
pesynbstatoB usmepenust AL Ilporpamma cozpaercs Ha
ocHoBe mpoekta STM32CubeMX B Arm Keil MDK ¢
ucroinp3oBaneM HAL  OuOmmorex.  Kommmmsamums
MIPOBOANTCS B PEXMME ONTHMHU3AIUU II0 BPEMEHH C
WCIIOJIF30BAHMEM OJIOKa BBIUKWCIEHUH C IUIaBAIOIIEH
3amaToil. Bpemsi BerumcieHus cBepTkd ¢(uiasrpa 200
mopsiaka cocraBiusger 15 mrc. IIpomecc oOHOBIEHHSA
MacCUBa BXOJHbBIX JTaHHBIX 1[€JIECO00PAa3HO BBIMOJIHATH C
nomomsio DMA  muxpoxoHTpoiiepa. B mpotuBHOM
cilydae, OOHOBJIEHHME MaccuBa OyleT NPOUCXOAWUTH B
uHTepBange BpemeHu to (Puc.3), uro cyIliecTBeHHO
orpaHM4YuT dYacToTHble cBoiicTBa L[CY. OOHOBIEHHE
MaccuBa JMaHHBIX mpu momomu DMA 3anmMaeT 8 MKC.
[Ipn ycnoBum COM3MEPUMOCTH JIIUTEILHOCTH WHTEpBaa
to m BpeMeHH OOHOBIICHHS MAacCHBa, OOOWUTH MPOOIEMy
HEXBaTKH BPEMEHH MOXKHO IIPH HCIONb30BAaHUHU JABYX
MacCHUBOB BXOJIHBIX MHAaHHBIX, KOTOPBIC 3aIOJIHSIIOTCS
mapajuiebHo AByMs motokamMu DMA u ncnonp3yrorcs B
yepeayromuecs nepuoasl LHINM.

C yd4eTroM NUHEHHOW 3aBHCUMOCTH JJIUTEIHLHOCTH
CBEpTKH OT TMoOpsiaKka (QUIbTPa, MOXHO OIICHHUTH
MOTEHIMANIbHBIE BO3MOXKHOCTH paccMarpuBaemoii 1IOC.
Ha puc.7 mnpuBeseH rpaduk 3aBUCHMOCTH BPEMEHHU
o0paboTku curHana u napamerpos IIIMM or nopsiaka
¢unbTpa.  IlpuBemen  wHTepBanm  BpemeHH  lo-1s,
onpenensirommit otkimoHenne Az (Puc. 3). U3 aHanmmza
rpaMKoOB BHJIHO, YTO MaKCUMAaJIbHBINH TOPSIOK QUIBTPa,
KOTOpBIH MOKeT ObITh peanu3oBaH, paBeH 450 mpu
gacrore [IIMM 22,5 k[ "1, ipu 3TOM TOIKHO BHIITOJTHACTCS
ycIoBHE

to-ts<Tiuwm. (13)

0,00025 30000

TLHI/[M f].UI/HVl 25000
0,0002 =
. ~
g 20000
:k 0,00015 =
g 15000 =
& I}
20,0001 g
= 10000 &
- =

0,00005
to-ts 5000
tuoc

0

0 100 200 300 400 600

Topsinok ¢umnsrpa

500

Puc. 7. 3aBucumocTs BpeMeHH 00pabOTKH CUTHAA U
napamerpos LIINIM ot nopsinka ¢uisrpa

IIpu Ttakoii uyacrore IIMM TeopeTudecku MOXKHO
MOAaBUTh TapMOHMKY ¢ uactotod 7500 I'u (150-s
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rapmonuka) [12], mpu 3ToM KOI(POHUIMEHT MOIYIAIMA
Oyznet paBeH 3. 23-11, 35-1 u 50-s1 rapMOHUKH (TAPMOHHUKH
IpaHMI] JMAala3oHOB B COOTBETCTBUM C [7]) wMeroT,
COOTBETCTBEHHO, KoddpduumentT moxymauuu 19, 12 u 9,
YTO MO3BOJISIET cuuTaTh yactoTy LM nocrarounoit nms
WX TIO/IaBJICHHSL.

PesynbraTel paboThl TpebEHYATOr0 IOJOCOBOTO
(UIBTPa HU3KOYACTOTHOTO U BBICOKOYACTOTHOT'O KaHAJIOB
NIPUBE/IEHBI COOTBETCTBEHHO Ha puc. 8 1 puc. 9. BepxHsis
ocLMJUIOrpaMMa  COOTBETCTBYeT aHcamOmo S5 n 7
rapmonuk (Puc. 8) m 11it u 13i rapmonux (Puc. 9), Ha
Bxoze coorBercTByronmx LICY. HumxkHsis ocunsuiorpamma
— CHTHAJI Ha BBIXOJI€ TPEOCHYATOTr0 OJIOCOBOTO (QHIBTPa

(curran ynpapieHHs MOLYJISTOPOM).
RIGOL

CH2 1.00v 2.000ms Delay: 0.000000s

CH1 200m¥y

Puc. 8. Pe3ynbrarsl paboThl rpeOEHYATOrO TOIOCOBOTO
¢urpTpa HI3KOYacTOTHOTO Kanana LICY

RIGOL

CH2 100mY 2.000ms Delay:0.000000s

CH1 100my

Puc. 9. PesynbraTsl paboThl rpeGEHYATOr0 IOJI0COBOTO
¢ubTpa BeIcOKOUacToTHOTO Kanana [{[CY

Kak BUIHO M3 OCIIMIIOrpAMM, CHUTHAJIBI YIIPABJICHUS
MOJIyJIATOPOM COOTBETCTBYIOT aHCAMOJISIM BBIJCIISACMBIX
TFapPMOHHUK C TOYHOCTHIO IO BPeMEHHOT0 ciBura. OIeHuTh
BPEMCHHBIC COOTHOIICHUS BXOJHOTO W  BBIXOJHOTO
aHcaMOJIsI TApMOHUK MOXHO 110 ocIruiorpamme puc. 10.
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T
Bxonnoit
aHcaMOJIb

A
Y

I BrexogHoi
aHcam0JIb

Delay:-38 80000us

20.00us

CH1 100mY CH2 1.00V

Puc. 10. BxonHO# 1 BBIXOHOM aHCaMOIIb TAPMOHUK

Hywmepammss wHTepBanmoB Bpemenn Ha puc. 10

COOTBETCTBYIOT puc. 3. B MoMeHT Bpemenn t; mporcxoant
3axBat BxogHoro curHaia YBX ALl B MOMEHT BpeMeHU
t4 curnan ympaenenus 3anmcbiBaercs B LIAIL Ilepuon
OOHOBIICHHS CHTHAaJNa yIpaBieHUs oOo3HaueH Ty. B
COOTBETCTBHH  C
Ty =100 mkc. PeanbHoe Bpemst 00paboTku curHana tog,
coctaBisieT 18 MKC, YTO NPEBOCXOOUT TEOPETHUYECKU
oXHJaeMoe 3HaueHue Ha 2,4 MKC. YBeJIMYeHUE BPEMEHU
00paboTkH

OIEepaTopoB,
CBEpPTKE CHTHAJIOB.

N=200,

nopsaakoM  GuibTpa

CBsA3aHO C  BBIIIOJJHCHHUEM Cﬂy)Ke6HI)IX
HEC OTHOCAIIUXCA HCHOCPCACTBCHHO K

OTkyIOHEHHe A; CUTHaja yNpaBICHUS B MOMEHT

BpPEMEHHM 14 OT M3MEpEeHHOTr0 B MOMEHT t» MOXeT cTrarh
OTPAaHWYMBAIOIIMM  (DAKTOPOM  YBEJIMYEHHS MOPSIKA
¢unbTpa Hapsmy c BemomHeHmeM ycnosus (13). Ha
puc. 11
OTKJIOHEHHE A", CHUTHala YIpaBieHHs (HOPMHUPYHOLIUNA
(akTop — aMIUIMTYJa TAPMOHHUKH) OT HOMEPa TapMOHHUKH
IS
rapmonuk npu nomoun CAD (puc. 1)
MMOJIaBJICHUSI TAapMOHMKM paBHa (TP HIHOPHUPOBAHHU
OCTaJIbHBIX (PAKTOPOB) OTHOCHTEILHOMY OTKJIOHEHHIO A™)
(A*3). U3 rpaduka BHIHO, 4TO OIIKMOKA, OMpeaesieMast
HCY CA® npu nonaBaeHUH S-if TapMOHUKH, COCTABIISAET
2,4%, a 23-i1 — yxe 10,8%.

TIIpUBEICHAa 3aBUCHUMOCTH OTHOCHUTCIIBHOT'O

¢unprpa 200-ro mopsinka. Ilpu momaBieHUH

TOYHOCTb

A

02|

0.15)

0.1

0.03]

Puc. 11. OtHocurenbHOE OTKIIOHEHHE A*) CUTHAIA
yIpaBlIeHUs
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Ommbka Bo3pacTaecT Kak C pPOCTOM HOMepa
TapMOHUKH, TaK U mopsaka Guiptpa. ['paduk 3HaAUESHUIHA
OTHOCHTEJIBHOTO OTKJIOHEHHs A, BO BCEM JHaIla30HE
MOAABJIICMBIX TapMOHHUK W HCIIOJB3YEMBIX ITOPSIKOB
¢GbuIBTPOB NpHBECH Ha puc. 12.

56.93

400

k

40 30

20 10 5 0

Puc. 12. OTHOCHTENBLHOE OTKIOHEHHE A*; CUTHAIA
YIOPaBJICHUS B 3aBUCHMOCTH OT IOPSAIKA QIITBTpA U
HOMeEpa TapMOHUKHU

k- 05
) 0.4
03
02
01 —
2 ——
.
Tpu A", —
100 150 200 250 300 350 400 450 N

Puc. 13. 3aBucumMocTh HOMEPOB T'APMOHHUK, HMEIOLINX
3aaHHOE OTHOCHTEILHOTO OTKIIOHEHHE A*2 OT MOpsAKa
¢ubTpa

W3 amanmmza pmarpamm puc. 11 u puc. 12 MoxkHO
c/IeNnaTh BBIBOJ O TOM, YTO BIIMSIHUE OIIMOKH, BHI3BAHHOW
BPEMEHHBIM CIBHIOM MEXIY H3MEpPEHHEM CHUTHala U
NpUMEeHeHHeM  oOpaboTaHHOW  MHpOpPMaMK  JUIs
YIpaBJICHUS! MOIYJISITOPOM HEOOXOJMMO YUUTHIBATH MPU
paspabotke LICY CAD.

Ha ocHoBe nmanubIX puc. 12, Ha puc. 13 mpuBeaeHa
3aBUCHMOCTh HOMEPOB TapMOHHK, MMEIOIIUX 3aJ[aHHOE
OTHOCHTEJIBHOTO OTKJIOHEHHE A*; OT MopsiIKa QHiIbTpa.

I[IpumeHenne NOJyYEeHHBIX 3aBHCHUMOCTEN Ipu
BbIOOpe nopsaka uinbtpa LICY CA®D. B coorBercTBUM C
puc. 7 BeiOpan (uinbTp 450-r0 MOpsiAKA, YTO SIBJISETCS
MaKCUMallbHBIM ~TIOpsakoM ¢(wibTpa. Ilo Tpadukam
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puc. 13 MOXXHO ONpeAeNnTh, YTO TPAHUIHBIE TAPMOHHUKH
(k=47,49) nopaBnsrorcs ¢ ommOkoi  Oonee  50%.
IIpeamonoxum, 9YTO  HAa  OCHOBAaHMM  aHANIN3a
TapMOHHMYECKOTO COCTaBa CHIHaNa, KOTOPBIH IOJKEH
ObITb MOJABICH, CAETaH BBIBOA O HEOOXOAMMOCTH
nojaBieHusl TapMoHHMK Ha 70%, 4YTO COOTBETCTBYET
omuoke LICY 30% u punbtpy ¢ N=250. Yactora ILINM B
sToM ciydae coctasiser fpwwm =12500 I'i. Konuuecto
BEIOOPOK Ha Tepuosie W KOdPGHUINEHT MOMYJSINU IS
Beiciux rapMoHuk (k=47,49) paBHo 3, 4TO sBIAETCS
TPaHWYHBIM 3HAYCHHUEM KakK Uil MICHTU(QHKAINH, TaK U
JUTA CHHTE3a TapMOHWYecKoro curHana. 250-if mopsook
¢unsTpa sBusercss rpanudHbM A LICY ¢ tekymmm
osicTponeiictBueM. CAD MoxeT 00ecrieunTh OJaBIICHIE
49-ii rapmonuku ¢ omnokoit 30% mnpu Hanu4uu QUIBTpa
250-ro mopsaka W TMAacCHBHOrO (uibTpa, CIOCOOHOTO
BBIJICIUTE 3Ty TapMOHHKY C 3aJaHHONH TOYHOCTBIO IpPHU
ko3 dunuenre mMoxyisiuu 3. B obmem cioyuae, 1ICY
CAD® MOXeT HCIOJb30BaTh (GUIBTPHI C IMOPSIKOM,
JeKallUM B JMala3oHe OT  KPUTHYECKOTO IO
MaKkcHMalbHOTO. BBIOOD Mopsiika puiabTpa onpenensercs
kak TpeOyemoir uactotod IIMM, Tak W JOMYyCTHMOM
OITMOKOH IO/TaBJICHNS TAPMOHHK.

BriBoabl. Lludposoe ympasneHne KoonepaTHBHBIM
CHJIOBBIM AKTHBHBIM (DHIIBTPOM MOXKET OBITh PEaTH30BAHO
Ha OCHOBE MHKPOKOHTpOJUIEpa OOIIEro Ha3HA4YEHHs,
nanpumep, STM32F767.

Peanmmzanust momocoBoro rpebeHdaroro pmibTpa
UCIIONIb30BaHUEM sifipa J{Mpuxie MO3BOJISET BbIICIUTH
3aJjaHHble rapMOHMKHM curHana. [Ipu mopsake ¢uibrpa
paBHoM 200, peanpHOe BpeMsi OOpPabOTKM CHTHana
cocrannser 18 Mkc.

BriOpannas snemenTtHast 0a3a 1u(POBOH CHCTEMBI
yIOpaBJeHUS]  TO3BOJIIET  PEalIn30BaTh  IOJOCOBOU
rpedenuarsiii  Gunetp 1o 450-ro  mopsimka, dUTO
coorBercTtByer uacrote UM 22,5 kT'u. [anHblid
TIOPSIZIOK SIBIISIETCSl MakcHMalbHBIM. [Ipn Takoit wactote
WM, monmaBienne 50- TapMOHHKH IIPOU3BOAMTCS C
KO(POUIMEHTOM  MOAYIALMH 9, 9UTO  SBISETCA
npuemieMbiM. [lopsaok (GUIbTPa, COOTBETCTBYIOUIMI
MuHuManbHoM  uyacrore IIIMM  mo  ycnoBusm
UIeHTUGHUKAMK W BOCCTAHOBIICHHS  TapMOHHKH,
SIBIISIETCS] KDUTUYECKHM.

BpeMeHHOI cABHT MEXAy MOMEHTaMH H3MEpEHHS
CHTHaJa U IPUMEHEeHUs 00padoTaHHON MH(MOPMALIUH IS
YIIPaBJICHUSI MOJIYJIATOPOM BBI3BIBAET OLIMOKY CHCTEMBI
YIIpaBJICHUS, KOTOpasi BO3pPACTAET KaK C POCTOM HOMeEpa
TapMOHHMKH, TaK ¥ MOpsAKa GHIbTpA.

Bri6op pazpaborankom CAD mopsnka ¢puisTpa, a,
crenoBaTensHO, U 9acToTsl LIIMM u Bpemenn o0paboTku
CHTHajIa, SBJISICTCS ONTHMH3AIMOHHON 3ajadeii, B
KOTOpOH  KPUTEPUSIMU  ONTHMAJIBHOCTU  SIBJISIOTCA:
MOIIHOCTh NOTEPh, YACTOTHBIA IUANa30H MOAABJIAEMbIX
TapMOHMK, KO3(P(UIMEHT MOZYIAIMH M BEIHYHHA
OLIMOKH MOJIABJICHUS TAPMOHUK.
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AnHoTtanust. O6Hapysicenue norynpo8ooOHUK08bIM ceHcopom 6 6030yxe memana (CHa) mpaouyuonno npouzsooumcs npu
Hazpege e20 Yy8CMEUMENbHO20 dNeMeHmd, a Moo okcuoa yenepoda (CO) npu nocredyrowem nocie Hacpesa ezo
oxnascoenuu. B npedcmasnennoii pabome enepsvie Uccie008aHd u IKCNEPUMEHMATLHO NOOMBEPIHCOCHA BO3MONCHOCb
obOHapycenun u udeHmuguxkayuu 6 6030yxe 0O0UX 2A308 OOHUM HOLYNPOBOOHUKOBLIM CEHCOPOM HpU Hazpege e20
YYBCMEUMENbHO20 dleMenma Ha npumepe ceHcopa komnanuu Queapo TGS2611. /[na smoeo Ovinu 86edeHbl U usMepeHsl
HOBble Napamempuvl NOGeOeHUs CONPOMUBTEHUS CEHCOPA 8 npoyecce e20 Hazpesa u oxaaxcoenus. Taxce 6 npoyecce
oxaadxcoenus cencopa ObLIO UCCIe008AHO G030elicmeue HA Napamemp, Xapakmepusyioujuti cKOpocmb U3MeHeHUs
(pocma) conpomuenenus e2o yy8cmeumenbHo20 2NeMEeHMA, PA3IUYHbIX KOHYEHMPayull Memana u MoHO OKcuoa yenepooa
6 8o30yXe.

KaroueBbie cinoBa: Hacpes u oxaadxcoeHue cencopa, HO8ble Napamempul NOIYNPOBOOHUKOB02O0 CEHCOpd, TUHEUHbI
npeobpazoeamens CONPOMUGLEHU, UCNLIMAMENbHAS Kamepa.

Methane and carbon monoxide detection issues with one semiconductor sensor

luri Koval,
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Annotation. The detection of methane (CH4) by a semiconductor sensor in air is traditionally performed when its
sensitive element is heated, and carbon monoxide (CO) is detected when it is cooled down after heating.

In the presented work, for the first time, the possibility of detecting and identifying both gases in air with one
semiconductor sensor when heating its sensitive element is studied and experimentally confirmed by the example of the
Figaro TGS2611 sensor. For this, new parameters of the behavior of the resistance of the sensor in the process of heating
and cooling were introduced and measured. Also, in the process of cooling the sensor, we studied the effect on the
parameter characterizing the rate of change (growth) of the resistance of its sensitive element, various concentrations of
methane and carbon monoxide in the air.

Keywords: Heating and cooling of the sensor, new parameters of the semiconductor sensor, linear resistance transducer,
test chamber.

Beenenne. /Iyl MOJNyNIPOBOAHUKOBBIX — CEHCOPOB YyBCTBHUTEIILHOCTh CEHCOpa K METaHy BBICOKas, a K
OoOHapy)XKeHHs METaHa B BO3/yXe JKWJIOTO MOMEIICHUS, MOHO OKCHJY yTieposa — Hu3kas [4].

HanpuMep, kak 1GS2611, B cipaBouHO# nHGOpManum Hdns  oOHapyXeHMs MeTaHa M MOHOOKCHA
[1] TIPUBEJICHEI MIOBEIEHUE COIPOTHUBIICHHS yIieposa OJHHMM  ITOJYHPOBOJHHKOBBIM CEHCOPOM,
TTOTyTIPOBOTHUKA ceHcopa TUTS Pa3IHIHBIX Hanpumep, 1GS3780, B cipaBouynoil nHbpOopMamu [2]
KOMIIOHEHTOB ~ 3ara3oBaHHOCTH  BO3AyXa  IIpH TIPEIIOKEH MIEPUOANIECKH TTOBTOPSIOLITAACS
MOCTOSSHHOM ~ PEeXHMME HarpeBa IOJYHNpPOBOJHHUKA MMITyJIbCHBIH pEXUM Harpesa. B KoHIe wuMmynbca
YyBCTBUTEIBHOTO 3JIEMEHTAa. VI3BECTHO, 4YTO TIpH HarpeBa M3MEpPSIOT CONPOTUBIICHHE MOIYNPOBOJHHUKA
ycraHoBuBLICHca  TemmepaType — cBbime  400°C CEHCOpa, 110 3HAYEHUIO0 KOTOPOT'O ONPEAEIAIOT CTENEHD
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3ara30BaHHOCTH BO3JyXa METAaHOM. B KoHuE may3bl
MEXIy MMITyJIbCaMH HArpeBa IPOU3BOIAT M3MEPCHHUE
COIIPOTHBIICHHUS MOTYTIPOBOJHUKA CeHcopa,
MOBBIIICHHOTO ~ BCIIECACTBHE €ro OXJKACHHS, IO
3HAYEHUIO KOTOPOTO CYZAT O CTENEHH 3ara3oBaHHOCTH
BO3JlyXa MOHOOKCHJIOM yTJIepoAa.

Bo Bcex u3BecTHBIX MeToniax oOHapyxkenus: CHaun
CO, B Tom uucie st TGS3870, MeTan U3MepsIIOT Mpu
BBICOKOH TeMmmepaType B mpenenax 400°C - 500°C, a
MOHO OKCHJ YIJepojia — IpH HHU3KOH TeMIlepaType B
npenenax 180°C - 90°C. B aTux mpenenax HaxOIHUTCS
TOYKA MaKCHUMAaJIbHOM YyBCTBUTEIIBHOCTH
MONYNPOBOMHUKA K  COOTBETCTBYIOLIEMY  rasy.
HenocpencTBeHHblli  KOHTPOJIb  TEMIIEPATYPHOTO
COCTOSIHHS ITOJTYTIPOBOTHHKA B IETEKTOPAX YTEUKH ra3a
He Mpe/ICTaBISIeTCSI BO3MOXKHBIM. [MosTomy
MaKCHMAaJIbHYIO TOUKY 4yBCTBHUTEIHLHOCTH 0JIAaratoT Mo
UCTEUYEHHH YCTAaHOBJICHHBIX BPEMEHHBIX HHTEPBAJIOB
Iocjie Hayajla WMITyJIbCa HarpeBa M IIocie Hayaja
Tay3bl.

W3BECTHO UTO TEOPETUUECKUE OCHOBBI IIPOLIECCOB
(bm3rveckoil ancopOUMM MOJEKYJ Tra3a Ha TBEpHOil
MOBEPXHOCTH OBUITM 3alokeHbl emie B 30-THe TOIBI
JBAJLATOrO BeKa B MOJOXKEHUSX Teopuu JleHrmiopa
u BET. EcrectBenno, 9to B mporecce paboOTBHl MBI
OIIMPAJIMCH Ha PAa0OTHI IPYTHX YUSHBIX U CIICHHAINCTOB
KOTOpBIe OBUIH JOCTYITHBI HaM. DTO M Hay4YHBIE CTAaThH,
U JIMCCePTAIlMOHHBIC Pa0OThI U TOKJIAIbl HAa HAyYHBIX
KOH(EpeHIINsX, a TAK)KEe MHEHHUS BBICKA3aHHBIX MPU
00CYXJICHUH HAIlIMX T€M B UHTEpHETE.

OcHoBHast yacTb. OCHOBHOH NMPOOJIEMON JOCTHKEHHS
TOYHOCTH  CUTHAJIHM3AaLlMM  SIBJISETCS  3aBUCHMOCTD
Jpetia TOUKH MUHUMAJIBHOTO CONPOTHBIICHHS CEHCOpa
OT TEMIICPaTypbl H BIAXXHOCTH, a TAK)KE OT BPEMECHHOM
Jerpaganin HarpeBaTe’IbHOTO JJIeMeHTa u
MOJTYITPOBOTHAKA YYBCTBUTEIBHOTO JJIEMEHTA, B TOM
YHClie KaK B KOHIIE UMITyJIbca HarpeBa, Tak M B KOHIIE
nay3pl, 4YTO XapakTepHO [UIi METOJa HW3MEpeHus,
npeiaraemoro it 1GS3870.0aHuM U3 BapHaHTOB
peleHns 3TOM TPOOIEMbI IPEAIoKeH B marente [3], B
koTtopoM  KoHieHTparmo CO  oOIeHMBAIOT 1O
OTHOIICHUIO M3MEPEHHBIX 3HAYEHUH COIPOTHUBICHHUN
MOJTYIPOBOJIHMKA CEHCOPa B KOHIIE U B Ha4aJe epruoja
€ro OXJIAXKIICHHUS, ONPeNIeIIsis TAKUM 00pa3oM CKOPOCTh
HU3MCHCHUS CONPOTHBIICHUS MOJTYTIPOBOTHHKA
YyBCTBUTEIHHOTO JJIEMEHTA CEHCOPA.

bonee riyOokoe wH3ydeHHE peXHUMa Harpepa-

OXJIaXJIEHUs  TONyIPOBOJAHUKA  CEHCOpa,  T.€.
HUMITyJIbCHOTO ~ pEXHMMa HarpeBa CceHcopa, ObuIO
MPEATIPUHATO B I'py3unckom TexHuyeckom

Yuusepcutere (I'TY), B KOTOpOM mpemnoiaraiach
MOBBIIICHUE TOYHOCTH M3MEPEHHsI CONPOTUBIICHHS
HOJYNPOBOJHUKA  CEHCOpa C  HCIOJIb30BAHUEM
pa3paboTaHHOro JBYX JAMAIa30HHOTO JIMHEWHOro
npeoOpa3oBaTeNst €ro CONPOTUBIICHHUSI.

B wuMImymecHOM —pexumMe HarpeBa  CceHcopa
TeMIepaTypa €ro IONyNPOBOJHAKA H3MCHSETCS OT
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MHHUMYMa 710 MaKCUMyMa, a IIPH May3e — OXJIKAACTCS
10 MHHHMAJBHOTO 3Ha4eHHs. VICXOas U3 MCTOYHHMKOB
[5,6], npennonoxuny, 4To COPOMPOBAHHEIN B MEPUO/T
nay3sl MEXIy UMIyJIbCaMH HArpeBa B MHOTOCIOHHYIO
CTPYKTYpY IIOPHCTOTO MOJIYIIPOBOJHUKA CEHCOPa MOHO
okcua yriaepoga CO TectupyemMoro BO3IyXa IpH
BeIcOKOIT Temmepatype (cBbime 100°C) Bcrymaer B
peakimo ¢ mojekyidamu H:O mapa comyTcTByromei
BIaxxHOCTH. B pesynbrare obpaszytores CO2 u Hz [5,6],
COIIPOBOXK/IaeMbIe naJieHueM COIIPOTHUBIICHHS
MOJTYNPOBOTHKUKA  CceHcopa. OJHOBPEMEHHO  IOJ
BO3JICHCTBUEM HapacTalolleil TeMIepaTypbl MO Mepe
MPOJBIKEHHST (POHTA MAKCHMAJBHOM TeMIepaTypbl
(400°C wu BBIIE) OT MOBEPXHOCTH HArpeBaTenst K
nepuepuiHBIM  CIIOSIM  TIOMYIPOBOIZHUK  TepsieT
BJI&YKHOCTh M MHTEHCUBHOCTH oOpaszoBanus CO2 u H:
nanaer. [loaToMy CcONpoTHBIIEHHE MOJIYHPOBOIHHKA
CeHCOpa CHayaja JOCTUTaeT MUHUMAJIBHOTO 3HAUYeHHs
Rwmin moJ; Bo3zieiicTBHEM MaKCUMaIbHOW TeMIepaTyphbl
Y BIIQ)KHOCTH, a 3aT€M I10 MepE BBICYILIUBAHUS €TO CIIOEB
CONPOTUBIICHHE TMOBBIIIAETCS IO 3HA4YeHUS Rstab
(Puc.1).

Heo0XxoauMo OTMETHTB, YTO OT BEIMYHMHBI ay3bl
3aBHCHT INTyOWHA COPOLIMH TECTUPYEMOT0 BO3yXa, a OT
MOIIHOCTH ¥ [UIMTENIBHOCTH HMITyJbca Harpesa
YyBCTBUTEIBHOCTD U CKOPOCTH NPOTEKAaHMS IPOLIECCOB
B IIOPHCTOH CTPYKType HOJyIPOBOJHUKA CEHCOpa.
Hawnbonee «pacTsHyTbD» BO BPEMEHHU 3TH MPOIECCH B
MHOTOCJIOMHBIX  TOJIYIPOBOJHHUKOBBIX  CEHCOpax,
AMEOIINX CpPaBHUTENLHO OouibIIINE 00BEMBI
YYBCTBUTEIBHBIX JIEMEHTOB. IX MOXHO OTIMYHTH IO
BBICOKMM  CIIPAaBOYHBIM 3HAYCHUSIM IOTpeOIsieMoi
MOIIIHOCTH HarpeBaTesIbHOT0 dyieMeHTa. ONTHMaIbHBIM
pelIeHrneM pu BEIOOpE MOITYIPOBOHUKOBOTO CEHCOpa

OKa3aJcs TGS2611-C00, XapaKTepU3yIOIUics
MPUEMIIEMON CKOpPOCTBIO pEaKLUU, MPOCTOTOH CXEMBI
yIpaBICHUS]  MOIIHOCTBIO  HarpeBa, yAOOCTBOM

BKJIFOUCHHS €r0 B CXeMy JIMHEHHOTo mpeodpa3oBaTers.
DT0 MO3BOJISET O3 MPOOIEM OCYIIECTBISATh U3MEPEHHS
COTIPOTHBIICHHSI ~ TOJYMPOBOJHUKA  CEeHCopa |
muddepeHmansl ero M3MEHEHUS] B TEUEHHH BCETO
npoliecca HarpeBa-oXJIaKACHHSI.

B cencope TGS3870 um Gonee coBpeMEHHBIX
TGS8100 u TGS8410 mporecchl mpu  Harpese-
OXJIXKIICHUH MPOUCXOAAT 3HAYUTENBHO ObIcTpee. DT
CBSI3aHO C MaNbIMH pa3MepaMd YyBCTBHUTEIBHOIO
3JIEMEHTa CEHCOPa, KOTOPBIE TUKTYIOT CYLICCTBCHHBIC
OTpaHUYEHUS HE TOJBKO K MOIIHOCTH M JUTUTEIBHOCTH
BpEMEHH HarpeBa, HO M K [pHIaracMomy
HU3MEPUTEIBHOMY HANPSDKEHHI0O UM JUIMTENBHOCTH
u3mepeHus. IloaToMmy ¢ uMewOIMM CHOPaBOYHBIM
MaTepuajoM Ha 3TH CEHCOPbl He IIPEeICTaBIIACTCS
BO3MOXHBIM ~ HETOCPEACTBEHHO  MNPHCTYIHTh K
OpoBepke  Hamieil — rumoressl  6e3  pelieHus
JOINIOJITHUTECIIbHBIX np06neM, CBsA3aHHBIX C [IPOBEACHUEM
JOINIOJITHUTECIIbHBIX I/ICCJ'IeIlOBaHI/Iﬁ u OIIBITHO-
KOHCTPYKTOPCKHX  pa3pabOTOK CXeM  yIpaBJICHUS
HarpeBaTeJbHBIM ~ JJIEMEHTOM  CEHCoOpa W €ro
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N3MEPUTENBHON CXEeMBl. B pesysbTare MOIKHBI OBITH
PEIICHBI CIIETYONINE BOIPOCHI:

e Tloxbop MOIITHOCTH Harpesa,
obecrieunBaoIeld MPUEMIIEMOE BPEMs IIPOJIBIKEHUS
¢bpoHTa  BBICOKOW  TeMmepaTypel  OT  CIIOEB
HOJYIIPOBOJIHUKA, HEITOCPEICTBEHHO MPUMBIKAIOLINX K
HarpeBaTelbHOMY O3JIEeMEHTY, K ero nepudepuilHbIM
CIIOSIM C LEJNbI0 TOJTYYECHUS IMPHEMIIEMOl TOYHOCTH
HU3MEPEHUsl CONPOTUBJICHUN MOIYNPOBOJHUKA U HX
MIPOU3BOJIHBIX 110 BPEMEHH.

e  Cosnanue HU3MEPUTENBHOM CXEMBI
COTIPOTHUBIICHUS  (TIPOBOAMMOCTH) TIOJXYIPOBOJHHUKA
CEHCOpa C BO3MOXKHOCTBIO MHOTOKPAaTHOTO — €ro
H3MepeHHsl Ha MPOTSDKEHUH BCEro Ipoliecca Harpesa-
OXJIaXKICHUSL.

Ha puc.1 npeacrasneHa ocumiiorpaMma curHaia
HaIpsDKeHUs] Ha BBIXO/IE JIMHEWHOTO Mpeodpa3oBarers
compoTuBieHuss  ceHcopa  1GS2611-CO0  mpu

MMIYyJICHOM pE&XHMeE HarpeBa MOILIHOCTBIO 272mW B
3arazoBanHoM 80ppm CO Bo3myxe mpu TemIeparype
22,2°C u BiaxxHocTtH 34%.

Puc. 1. XapakTeprcTika CUTHaJIa Ha BBIX0/I€ IMHEHHOTO NpeoOpa3oBaTetst conpoTusieHns cencopa 1GS2611-C00
MIPHU UMITYJIbCHOM PEXHIME HarpeBa (MOIIHOCTE HarpeBa 272mW)

Ha puc. 2 IpeJCTaBIeH (dparment
OCLIMJIOrPAMMBI  Y4acTKa OXJIAXICHHUS 3aBUCHMOCTH
HaMpsDKCHHS CUTHAajla OT BpPEMEHHM Ha BBIXOJC
JMHEWHOTO Ipeobpa3oBaTelisi CONPOTHBICHUS CEHCOpa
TGS2611 B nepuona OXJAXIACHUSI TPH TECTUPOBAHUH
3arazoBaHHOro Bo3ayxa 300ppm CO npu Temneparype
22,9°C u Bnaxxuoctu 99%, rie Ha ydacTke 1 Hambomee
OTUETVIMBO INPOSBISIETCS HAJU4Ue B  CTIPYKType
MOy TPOBOTHHKA HAKOIJICHHOTO BOJOpO/A,
BCTYMAIOILIETO B PEAKIHI0 C KUCIOPOJOM BO3dyxa. B
pe3ynbTaTe SK30TCPMHUUCCKONW PEaKIMH 3aMeIIeTCs
OXJIXICHUE  TONYIPOBOAHUKA M  POCT  €ro
CONPOTHBIICHUS, YTO TOJTBEP)KAACT NPABUIBLHOCTD
NPENNONIOKEHHST ~ MPOTEKAIOIIUX B CTPYKTYpe
MOJTYIIPOBOJTHAKA CEHCOpa DEaKLHid, H3BECTHBIX U3
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ucrounukoB [5,6]. Bmecte ¢ atEMm, Ha yuactke 2
(parMeHTa OCHIJUTOTPaMMBI Ha pHUC.2 HaOIIOmAmCS
poct BpemeHu oxnaxnaeHuss AT B 30He HUBKOU
TeMIepaTyphbl MOIYIIPOBOTHIKA CEHCOPA MPH HATMYHUU
CO B TecTupyeMOM BO3/yXe BCIEICTBHE PEaKIHU C
KHCIIOPOZOM BO3yXa.

IIposenennsie uccnenosanust B ['TY Tarke ObLIH

HalpaBlIeHbl HAa IOUCK  pEIIeHUs  IpobiieMsl
KOMIIEHCAL[U1 npeiida CONPOTUBJICHUS
MIOJIYITPOBOIHUKA ceHcopa npu HU3MECHEHUH

TEMIICPATYpPhbl, BJIAXKHOCTH, aTMOC(l)epHOl"O JaBJICHUA U
BpeMeHHOﬁ YYBCTBUTCIBHOCTH CCHCOPA.
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Puc. 2. ®parMeHT OCLHUILIOrPAMMBI YYaCTKa OXJIaKICHHUS 3aBUCHMOCTH HANPSDKEHUS CHTHAJIA OT BPEMEHH Ha BBIXOJIE
JMHEHHOTO TpeoOpa3oBares conpotusieHus ceHcopa TGS2611 B pexxrMe HarpeBa-oXIaKaeHHs

I/ICXOHSI nu3 BBIIIC H3JI0KCHHOT'O OCJIb
HCCICOA0OBaHUA 3aKjIr4dajlaCb B IIOHCKC HanOoee
MPUCMIICMBbIX napamMeTpoB U3MEPCHUA u

uaeHTH(UKAIMY MeTaHa W MOHOOKCHJA YrIiiepoja
OJTHUM TIOJNyIIPOBOJHUKOBBIM CEHCOPOM B PEKUME
HarpeBa-OXJIaXKICHHS.

s nocTrxkeHns MoCcTaBIECHHOM L€ IPeIMETOM
UCCIICIOBaHMS  ObUIM  O0O3HAYCHBI  CIIEAYIOIIHE
apaMeTphI:

e Uwmin- HampspkeHHE Ha BBIXOJC JIMHCHHOTO
mpeoOpa3oBarelisi  CONPOTHUBICHUS  CEHCOpa  MpHU
MUHUMAIIBHOM  COTMPOTHBICHUHM  MOJYIPOBOJHUKA
ceHcopa Rwmin B Iporiecce ero Harpesa.

o Ustap- HampspKEHHE HA BBIXOJE JIMHEWHOTO
mpeoOpa3oBaTensi  COMPOTHBICHUS ~ CEHCOpa  MpH
CONPOTHBIICHHM MOJYNPOBOJHKKA ceHcopa Rstab,
M3MEPEHHOE B KOHIIE MMITYJIbCa HArpeBa.

e AU - passHocts curHaimoB  Ustab-Uwmin,
XapaKTepU3yIoIas poct COTMPOTHUBIICHUS
MOJTyIPOBOJIHAKA CEHCOpAa MPHU HUMIIYJIbCE Harpena
OTHOCHTEIJIHHO €r0 MUHUMAJILHOTO COMPOTHBIICHHS.

e — orHomenue curHagoB Umin/Uminair,
MPOMOPIIMOHANIBHOE ~ TPAaTUCHTy  CONPOTHUBICHUI
MTOYTIPOBOTHAKA CEHCOpa B 3ara30BaHHOM BO3IyXe
OTHOCHUTEIIFHO €r0  CONPOTHUBJICHUS B  «UYHCTOM
BO3ayxe» (B3AT W3 wmcrouHmka [1,2,7,8], Tompko B
CpPaBHEHUHM C COIPOTHUBIICHHEM MOJIYIPOBOJHHKA B
YHCTOM BO3IyXE).

o AT — cKOpOCTh OXJTAKICHHUS TOTYIIPOBOJHUKA
CCHCOpa B 3ara30BaHHOM BO3IyXE.

ey — KO3pOHUIMEHT 3aMEUICHUS CKOPOCTH
OXJIaXKICHUS MOJTYITPOBOTHUKA ceHcopa B
3ara30BaHHOM BO3JIyX€ B CPAaBHCHHU C CKOPOCTHIO
OXJIAXIICHUsI B YHCTOM Bo3ayxe, paBHoe AT/ATair.

IMapametpsr Rmin 1 AR=Rstab -Rmin TOXK1€CTBEHHBI
napamerpam Umin u AU, Tak Kak MOCIEAHUE U3MEPEHBI
JTUHEHHBIM TIpeoOpa3oBaTeeM.

Takke, HEOOXOIUMO TOSCHHATH, HYTO IIOCIIE
HMITyJIbCa HArpeBa MPOUCXOIUT OXJIAKACHHE CEHCOpa.
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I[Ipy >TOM ANWTENBPHOCTE M TEMIT OXJIAKACHUS
MOJYIPOBOIHUKA CEHCOpa 3aBHCHT OT TEKYILETo
3HA4YEHHs COTPOTHBIICHHUS €ro MOIynpoBogHKKa. Ecim
U3MEPATH AT B TIPOMEKYTKE HM3MEHEHHUS
COMPOTHUBIICHHST TONYNPoBoAHKKa oT 140 KoM 1o 165
KOM, TO €ro 3HauyeHHE XapaKTepU3yeT CKOPOCTh
N3MEHCHHUA BPEMCHHU OXJIAXKICHHUA IOJYIIPOBOIHHUKA
CEHCOpa, YTO TOXKAECTBEHEH nuddepeHpary GyHKIHA
Bpemenn oxyaxneHuss AT or aprymenra AU (cm.
yuacTok 2 Ha puc.2). Bo wusbexkanue nanpHeiimeit
MYTaHUIBl C BBIIIE MNPUBEAEHHBIM HUCCIEAYEMbIM
onHOMMEeHHbIM napameTpoM AU U B CBSI3M C TeM, YTO
MpH  KOHKPETHOM  peaiu3alliil  OIpPEACICHHS
muddepennmana 3agaBanuch GUKCHPOBAHHBIM IIaroM
aprymenTa AU (cM. ygacTok 2 Ha puc.2), 3a CKOPOCTb
OXJIOKICHUS TIOMYNPOBOJHHKA CEHcopa ymoOHee
npumMeHsTh napametp AT.

B GonpIIMHCTBE AETEKTOPOB ra3a ¢ IPUMEHEHHEM
MOJYPOBOJHUKOBOTO  CEHCOpa Uil KOMIIEHCAI[HU
Ipeiipa ero CONpOTHBICHUS 1O  TeMIeparype
NPUMEHSIOT CXeMy C TEpPMOPE3UCTOPOM JUIsi Ka)KIOTO
ypoBHsi curHaim3aiun. Cormacio EN50194-1 [9]
BO3HUKAET HEOOXOAUMOCTb KOHTPOJIS
MpEeIBapUTENIBHOM W aBapUHHONM  CUTHAJIU3aLUsL
3ara3oBaHHOCTH METAaHOM, a COTJIaCHO TpPeOOBaHUSIM
espomnetickoro cranmapta EN50291-1 [10] Heo6xoamnmo
OCYIIECTBIIAT MHOTOYPOBHEBBIH KOHTPOITb
3ara3oBaHHOCTH (ypoBHHK 3ara3oBaHHOCTH
MoHOOKcuaoM yriepoga 30ppm, 50ppm, 100ppm wu

300ppm). DTO CYIIECTBEHHO YCIIOXHSICT CXEMY
U3MEPEHHUS.
JxkcnepuMeHTalbHasA 0a3a M mpouneaypa.

OKcneprMeHTaNbHbIE HCCIIE0BaHUs MPOBOAMINCH B
I'TY ¢ wucnons30BaHMEM HCIBITATEIEHOW KaMepsl
(émxoctn), (puc.3) ¢ moMmeméHHOM B Heé
HW3MEPUTEIBHOH CXEMOH C  IOJYNPOBOJHHUKOBBIM
CeHCOpoM. Beixox mmHelHOro mpeoOpaszoBarerns
COIPOTHBIICHHUS TMIOJTYTIPOBOTHHKA CeHcopa
HU3MEPUTEIIBHOI CXEeMBl BBIBOIMIICS HM3MEPHTEIBHBIM
KabemeM, K KOTOPOMY C HapyXd IIOIKIIOYAJICS
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uudpoBoii ocryutorpad. B ucnbITaTenbHYI0 EMKOCTh

COOTBETCTBYIOIINMHU LINPULIAMA BBOJIWJINCH
nmoBepounsle razoBpele cmecn (II'C) merana wu
MOHOOKCHJAa yIJIepoja KakK pa3lesibHO, TaKk M
COBMECTHO. Jost CO3JaHUs onpenenéHHON

KOHIICHTPALUK BBOJMMOrO Ta3a PYKOBOACTBOBAIUCH
pexomenanusamu 15S06144:2003.

O0BvéM (5100m1) éMkocTH 1, BBITOJHCHHOW W3
CTeKna, ObUT U3MEPEH METOIOM €€ 3alONHEHUs BOJOM
(ymenmbHBIH Bec mipu Temmeparype 20°C pasen 0,99823)

MepHoi komooit B 1000mi£0,8 mir, a mo3a menbme 1000
M3 ObUTa W3MepeHa C TOMOMBI0 BecoB. Jlms
ompeneneHuss 00bEMa Bo3ayxa u3 BemuanHBl 5100 Mix
BBIWIH 00BEMBI BEHTWIATOpA (28 M), I3MEPHUTENBHOM
cxeMbl (21 ™), KOMOWHHUPOBAaHHOTO TEPMOMETpa C
ricuxpomMeTpoM (7 M), CyMMapHBIii 00bEM IPOBOAOB U
TpyOok (14 mi) u goGaBieH 00BEM MO KPBIIIEYHOTO
npoctpanctBa (4mi). B urtore o0béM BO3myxa s
cmemmBanus ¢ [II'C cocraBut 5034m1.

Puc. 3. UcnbiTarensHas kamepa (eMKocTb), paspaborku ['TY
1 - éMKOCTB; 2 — KpBIIIKa EMKOCTH; 3 — BEHTHIISITOP; 4 — KOMOMHUPOBAHHBIN TEPMOMETP C IICUXPOMETPOM; 5 — TpyOKa
nonauu I1I'C; 6 — mmpurr; 7 — u3MepHuTeabHas cxema; 8§ — CeHCop; 9 — NMHEHHbIM peodpa3oBaTeslb COPOTUBICHHS
ceHcop; 10 — 6mok mutanus; 11 — nudpoBoit ocumstorpad

B mpomecce pabOThl  ObUIM  H3TOTOBJICHBI
HECKOJIbKO OTBITHBIX O0pa3lioB JIETEKTOpa C ILENbI0
MMpOBEACHUA HUCIIBITAHUHU B CHOCIUATIM3NPOBAHHBIX
METPOJIOTHYECKUX OpPraHU3allil UMCIOUIUXCSI TPaBoO
MPOBEJCHUST PabOT MO OMNPEAEIECHHIO COOTBETCTBUS
napaMeTpoB NprOOpa MEXIyHapOIHBIM CTAHAAPTAM.

OoOopynoBanne, mpudopsl M MaTepuajbl. B

9KCIIEPUMEHTE UCTIONIb30BAJIH CIIE/TyFOIIHE
obopyloBaHue, mpuOOpel W MaTepuanmbl: 1)
WcneirarenpHas  éMKOCTh, paspabotku I'TY; 2)
JluHelHBI NBYX [WAITa30HHBIN  TpeoOpazoBaTelh

COMPOTHUBIICHHS TIOIYIPOBOHMKA CEHCOpa pa3paboTKu
I'TVY; 3) Cencopsr TGS2611-C00 — 12 r.; 4) Bamion
III'C conepxanust 95,5% wmerana; 5) Bammon III'C
cogepkanust  98% MOHO oOKcuma yriepoaa; 6)
MInpuilmi ¢ uenoit aenenust 0,02mi.; 7) Inpury St
¢ uenoi aenenus 0,25mi1.; 8) Mlnpun 10Mn ¢ nenoi

nenennst  0,5mm.;  9)  Iudposoii  ocrmsuiorpad
INSTRUSTAR- ISDS205A; 10) KomnbroTep.

KamnbpoBky ocummiorpaga INSTRUSTAR-
ISDS205A OCYIIECTBISUIIN c MIPUMEHCHHEM
o6opymoBaHus LabVIEW xommanuy National
Instruments.

Conep:kaHue M Tpolenypa IKcnepumenra. B
MPOIIeCCe IKCHEPHUMEHTAIBHBIX HCCIICAOBAHUI ObLIH
PacCMOTPEHBI CIIETYOLIHE 3a/1a4H:

o YcTaHOBIEHHE ONTHUMAJILHBIX ILJIPITeﬂbHOCTeﬁ
HMITYJIbCa Harpe€Ba " 1ray3bl MCXKIYy HUMU.
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° HccnenqoBanue BO3JEHCTBHUS  MOHOOKCHA
yriaepoa u Metana Ha TGS2611-C00 npu mOHMKEHHON
MOIIIHOCTH UMITyJibca HarpeBa — 220 MBT +£2%.

e  UccnemoBanue BO3JICHCTBUSI MOHOOKCH]IA
yriaepoma uW  Merana Ha  1GS2611-C00  npu
MUHHMAJIbHON 3asBICHHOH MOIIHOCTH HMMITYJbCa
HarpeBa — 260 MBT £2%.

e  lccnemoBaHue BO3ACHCTBHS ~ MOHOOKCHIIA
yrmepora W Merana Ha 1GS2611-C00  npm
MaKCUMaJIbHOM 3asBJIEHHOM MOIIHOCTH HMITyJIbCa
Harpesa — 305 MBT £2%.

e  lccrenoBaHue COBMECTHOTO — BO3ZCHUCTBHUS
MOHOOKCH/Ia yriiepoaa u Metana Ha TGS2611-C00.

[Mpoueaypa  SKCIEpUMEHTa  COOTBETCTBOBAJA
pexkoMenpanusM [11] u cocTosia W3 CIAEAYIOLIUX
JIeHCTBUI.

bamnon III'C conepxanus 95,5% wmertana u
6amon I1I'C coneprxanus 98% MoHOOKCHIa yriaepoaa
BBICP)KUBAIA TP KOMHATHOH TeMriepaType Ooiee
nByx yacoB. s BBoga [II'C ¢ CO B ucnbITaTeNbHyO
émKocTh mermonp3oBany 1 M1 mmpunsl, a i 1ITC ¢
MeTtaHoM — 5 M u 10 M. 3amonHeHHWe MINPHUIIOB
MPOM3BOAWIM TIOA  JaBJICHUEM, IIPEBBIIIAOIINM
aTMocepHoe uepe3 pe3uHOBYIO TPYOKY C BHYTPEHHUM
auaMeTpoM 2,7 MM, TEpMETHYHO COCIUHEHHYIO C
WTOJIKOM LITIPHUIIA.

Beog III'C B wucneiTatensHyo EMKOCTh |
OCYLIECTBIISUI  4Yepe3  pPe3nHOByl0 TpyOky. Bo
n30exKaHue BIUSHUS «MEPTBBIX NPOCTPAHCTBY IINPHUIIA


http://www.ni.com/
http://www.ni.com/
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Ha koHneHtpanuio III'C, mepen ero HamoJHEHHEM
OCYILIECTBISUIN 2-3 TpeABapUTEIBHBIX HAIIOJIHCHUA—
OIOPOKHEHMS. 3allOIHEHHE MIpULa 6 TPOU3BOANIH 10
yIopa Xo7a €ro NopmHs. bEICTpO OTCOEOMHAIN MIIPULL
1 BTBIKAJI B PE3MHOBYIO IPOOKY, a 3aT€M, HE IOBOJSI 10
MaKCUMaJIbHON MeTkH, CxuMamn III'C aBmxeHuneMm
nopmHsA. CopepikaHue IINPHUIA BBIACPKHUBATH IPH
KOMHATHOW TEMIIEpAaType PSIAOM C HUCIBITATEILHON
éMKOCThIO. /71 coKpallleHus BpeMeH! TOMOT'€HU3aluH,
TpyOka 5 momaunm III'C mnpoxmyBanack BO3BpaTHO-
MOCTYNATENBbHBIMU JIBUKEHUSMH MOPILHSA JPYroro -
MIPOAYBOYHOIO HIMpPUIIA 6, TePMETUYHO COEAUHEHHOTO C
9TOU TPYOKOA.

Bo3ngyx BHyTpm EMKOCTH TNIpH HEOOXOIMMOCTH
YBIIQXHAJIM HAaHECEHHEM TAMIIOHOM BIIAaTM HAa CTEHKHU
HCIIBITATEIbHOW EMKOCTH C BHYTPEHHEH CTOpPOHBIL.
EMKOCTh TrepMeTH3HpOBaIi M BKIIKOYAIH BEHTHIISATOP,
3HAQUYEHHE BJIAKHOCTH HAOMIOJanM Ha  JHCIUIee
KOMOMHUPOBAaHHOTO TEPMOMETpa C MCHXPOMETPOM.
HpI/I MPEBLIICHUN 3HAYCHUA BJIQXKHOCTH HaJ
0’KMIAEMBIM, KPaTKOBPEMEHHBIM pasrepMeTH3aluei
€MKOCTU CHIXKAJM €€ 3HaueHue. Briaep:kuBanu BpeMs
JUTS CTAOMIIM3AIINH TEMITEPATYPhI M BIAKHOCTH YHCTOTO
BO3JyXa BHYTpH €MKOCTH. OJTHOBPEMEHHO BKIIIOYAIU
U3MEPUTENBHYIO CXeMy Al €€ MporpeBa. 3aluch U
W3MEpPEHHE  CHUTHAJIOB C  BBIXOJA  JIMHEHHOTO
1peoOpa3oBaTensl CONPOTUBIICHHUS IOIYIPOBOAHUKA
CEHCOpa OCYIIECTBISIIIM MOCPEACTBOM mporpamm Data

Recorder u  Oscilloscope/Spectrum  Analyzer
(Professional)+DDS U(PPOBOTO ocuuiorpaga
INSTRUSTAR- ISDS205A, mNOAKIIOYEHHOTO K

KoMIbloTepy (HOyTOyKY). [TepByto 3amuchk n usmepeHue
MIPOU3BOAMIM JJIsl YUCTOTO BO3LyXa.

BBoxg wmccmemyeMpIXx  Tra3oB  OCYIIECTBILIICS
pa3ensHO, TOCIENOBAaTENIbHO HAaYWHAS C  MaJlod
KOHIICHTPALIUU /10 BBICOKOH. 3HaUeHNE KOHIICHTPALIUU
MOTyYeHHON cMecH (PMKCHpOBajiach B IUHHIIAX PPM
(106 06BEMHOI KoHIeHTpamun). [Tocie kaxxaoro BBoga
BBOJHAs  TpyOKa  mpoayBaimack  IPOTYBOYHBIM
mpuneM.  3anuch W M3MEpeHHe  LU(POBBIM
ocIuIOrpa)oM OCYIIECTBIISIIM B TPOLECCE Ka)XIOTo
HoBoro BBojma [II'C. 3madenms Uit TaOIUIl
(pUKCHpOBaIIM HE paHee CEMHU ITUKIIOB MEPUOANIECKOTO
HarpeBa-oxyaxaeHus. OOBMHO pe3yJIbTaT CHUMAIH
Ioclie JIEBATOrO IMKIA. [lodydeHHBIE pe3yIIbTaThI
o opMIICHEI B TAOIHUYHON (hopMe.

BBugy toro, uro III'C BBOAMNAach IIMPUIIOM
BPYYHYIO COTJIACHO €r0 JAEJCHUSAM, TO IOCTIDKEHHE
BBICOKOM TOYHOCTH BBOJAa HE IMPEACTABISIIOCH
BO3MOXKHBIM. Bprumnciienuie 00BEMHOM KOHIIEHTPAINH
MPOM3BOIMIIOCH MO yrpoineHHou hopmyne Vcol/ Vair,
BMmecTo Kco*Vceol/ (Vairt Vco). Tlpu 3ToM 3HaueHHE
Vair 6paiu 5000mi BMecTo 5034mut.

Pe3ysibTaThl NPOBEAEHHBIX IKCIIEPUMEHTOB.

PesynbraTel  NMPOBENEHHBIX ~ MHOTOYHCIEHHBIX,
Oosee 180 dKCIEpUMEHTAJBHBIX W3MEPEHUH ObUIN
3aukcupoBaHbl B TabmmaHOM (hopme. MccrmemoBaHus
MPOBOAWJINCHE C HOBBIMH CEHCOpaMH C MallbiM |
JUTATENEHBIM (O0Jtee 2-X JIeT) BpeMeHeM XpaHeHUS MITH
HE3HAUHWTEIbHBIM BpEeMEHeM paloTh, a TaKkxke C
CEHCOpaMH  TIOCNIe  YeTBHIPEXJIETHETO  IepHoia
IKCIUTyaTallMM. PEe3yJIbTaTOB dKcHepuMeHToB. Kak
NpUMeEpbl TPUBEJACHBI TOJBKO JIBE TaOJHIBI IpU
TOHKEHHOW MOIIHOCTH UMIyJibca HarpeBa 220
MBT+2 % oT 3asBI€HHON HOMHHAJIBHOW MOIIHOCTH
(280 +25 MBT) otaensho aist CP4 u CO.

Ta6auna 1. Py =220 mWit

CO, ppm 0 20 40 60 100 300
Uwmin, MV 590 310 215 164 127 71
Ustab, MV 590 399 308 268 227 252
B = Umin/Uwminair 1 0,525 0,364 0,278 0,215 0,120
AU = Ustab-Umin, MV 0 89 93 104 100 181
AU/Uwin 0 0,287 0,432 0,634 0,788 2,549
°C 19,5 19,5 19,5 19,4 19,3 19,5
% 95 96 97 97 98 99
AT, ms 146 187 243 287 344 560
vy = AT/ATair 1 1,281 1,664 1,966 2,356 3,836
Tadmuua 2. Pu = 220 mWit.

CH4, ppm 0 20 100 200 1200 2200

Umin, MV 690 597 452 407 112 77

Ustab, MV 690 597 464 412 127 86

B = Umin/Uwminair 1 0,865 0,672 0,597 0,184 0,125

AU =Ustab-Umin, MV 0 0 12 5 15 9

AU/Uwmin 0 0 0,026 0,012 0,134 0,117

c 20,0 20.0 20,1 20,2 20,3 20,3

% 99 99 99 99 99 99

AT, ms 150 153 155 163 189 212

y = AT/ ATair 1 0,980 1,033 1,087 1,260 1,413
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AHanu3 pe3yabTtaTtoB. Hamm Opumn  momy4yeHBI
pe3yNbTaThl IKCIEPUMEHTAIBHBIX HUCCIIEAOBAHUN TPH
pa3HbBIX YCIOBHSIX :

e [lon Bozgeiicteuem 100 ppm u 20 ppm
MoOHOOKcuAa yriaepoaa u 100 ppm u 20 ppm MeTaHa Ha
TGS2611-C00 npy MOHMKEHHOM MOIITHOCTH HMITYJIbCA
HarpeBa — 220 MBT £2%

e [log BozgeidictBuem 100 ppm u 20 ppm
MoHooKkcua yriepona u 100 ppm u 20 ppm metana Ha
TGS2611-CO0  mpm  MHUHHMAIbHOM  3asBICHHOM
MOIITHOCTH UMITyJIbca HarpeBa — 260 MBT £2%

e TIlox BosmeiictBuem 100 ppm u 20 ppm
MoHOOKcHaa yriepoma u 100 ppm u 20 meraHa Ha
TGS2611-CO0 mpu  MakCHUMaJbHOW  3asBICHHOMN
MOIITHOCTH UMITyJbca HarpeBa — 305 MBT +2%.

W3 pe3ynbTaToB SKCIIEPUMEHTOB C/IENaIN BBIBO/I,
yro mojn Bo3aericteuemM CO HabOmromaeTcs poct
napamerpa AU 1py MOBBIIIEHUN MOIITHOCTH HarpeBa oT
220 MBT po 260 Br. [anbpHeiimee yBemuucHHE
MOIIIHOCTH Harpea cercopa ot 260 MBT no 300 MBt
MIPUBOJNUT K YMEHBIICHNIO 3HAUCHHUS ATOTO Mapamerpa.
IIpu sToM mox Bo3aericTBueM MeTaHa napameTp AU Ha
MOPSIIOK MEHBIIE M TIPH POCTE KOHLEHTPALMH €To
3HaveHHe He yBenuumBaercs B oriamdue or CO, mpu
KOTOPOM 3TOT MapaMeTp 3HAYUTEIBbHO PACTET.

IMapamerp p mo CO B pa3sl MPEBHIINIACT 3TOT
napameTp Mo MeTaHy Mpu MOIIHOCTH Harpesa 220 MBT.
310 O3Ha4yaeT CYIIECTBEHHO 310)18113% %)
YyBCTBUTEIHHOCTH TOJTYIIPOBOAHKKA ceHcopa K CO 1o
CPaBHEHHIO C €ro 4YyBCTBUTEJIBHOCTHIO K METaHy,
MIPOSIBIISIEMYIO UM B TIporiecce Harpesa. [1pu momHocTH
Harpesa cercopa 260 MBT sto npenmymectso f mo CO
yMeHbIIaeTcst 70 MuHHMyMa. Ilpum nanmbHeimem
yBeNMYCHUH  MolHocTH Harpeea P mo CO
YBEIMYMBAaETCA  NPU  OYEBUAHOM  yMEHBIICHUH
mapaMeTpa B Mo MeTaHy COTJIacHO HMCTOYHHUKY [4].
IMapamerp y mo CO, xapakTepU3yIOUIHH CKOPOCTh
U3MEHEHHsI BPEMEHH OXJIAXICHHS MOJYHpPOBOIHHKA
CEHCOPa, TAK)KE UCIBITHIBACT CYLIECTBEHHBIH POCT MO
CPaBHEHHIO C BO3JCHCTBHMEM IO MeTaHy IIpH
MOBBIIIEHUN MOUTHOCTH Harpesa oT 220 MBt no 260
MBT.

Onmnako OBUIO  yCTAaHOBJIEHO, 4YTO Ooiee
CTaOMJIBHBIH OT BIMSHUS OKpY)KalOIIEH cpensl, Kak
BUAHO M3 Tabmun 22-29, sBisercs mapamerp B mpu
MorHoCTH HarpeBa 260 MBT. 3T0 MOXXHO OOBSICHUTH
TEeM, YTO NPH CHWKEHHM MOIIHOCTH HarpeBa Ha
MOTYIPOBOJHUK CEHCOpa pAacTET BIHMSHHE APYTHX
3arpsI3HSIONIMX BO3JyX KOMIIOHEHTOB, B TOM YHCJE H
ankorois. Ecmu ydecTh TO, 4TO TpH TPOBEACHHU
9KCIIEPUMEHTOB ot6op «YHCTOTO BO3/IyXa»
OCYIIECTBIISUICS. Ha TEPBOM ITaXE PSJIOM C Hpoe3xen
YacThIO YJHUIBI, TO MOXHO OOBSCHUTH OoJbLINE
OTKJIOHEHUSI B OT CpeHEero 3HaYeHNUs IPU MOHMKEHHON
MOIIIHOCTH HarpeBa ceHcopa.
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[TosryueHHBIE BIEpBBIC OPUTHHANBHBIE PE3YNbTaTHl B
TIpoliecce HarpeBa MOyIPOBOAHUKA CEHCOpa TPeOyIoT
OOBSICHEHUH.

CHuXeHue MOIIHOCTH HarpeBa CeHcopa U HU3Kas
TeMIepaTypa TECTHUPYEMOro BO3AyXa, a TaKKe HHU3Kas
BIaXHOCTh  cnocobctByer pocty AU. Huskas
MOIITHOCTh HAarpeBa CEHCOpa CHIDKAeT MHTEHCUBHOCTH
BBITECHEHHSl BJIarM W3 CTPYKTYpHl MHOT'OCIOHHOTO
TTOITYTIPOBOHUKA, UTO CIIOCOOCTBYET MPH TOCTHKCHUHN
UMin COXpaHEHHIO B CTPYKType IOIYIPOBOIHUKA
0ONBIIETO COACpKAHWS BIIATH, a B KOHIE HarpeBa
TIOJTyYUTH OOJBIIYIO Pa3HHUILY.

[Ipu moBBIIIEHNH MOITHOCTH HAarpeBa CEHCOpa H
CBS3aHHOTO C ATHM pOCTa TEMIEpPaTyphl COTIACHO
npuniuny Jle-Illatense [4] MHTEHCHUBHOCTh peaKIUH
Monookcua yriepona CO mpu BBICOKOH TeMIiepaType
¢ ™onekynamu HyO comyTcTByromerd BIIQKHOCTH
CHIDKaeTcd. Bmecre ¢ 3TUM, OIHOBPEMEHHO pACTET
YYBCTBUTEIHLHOCTh MOJIyIIPOBOIHUKA ceHcopa.
[MosTomy omnTuMmanmbpHasi MOIIHOCTH HarpeBa CEHCOpa
Haxoxurcsa B oomactu 250 -260 MBrT.

HanpotuB, 4upe3mepHO BBICOKas MOIIHOCTH
HarpeBa CEHCOpa MHTEHCHBHO OCYIIAET MPUJIETAIONIYIO
K HarpeBaTeNio CTPYKTYpPy HOIYHPOBOIHHKA YXKE IO
JoctwxeHust Umin, B CJIEACTBHE YETO HMMEET MECTO
YMEHBILIEHHE pa3sHOCTH MEXIY KOHICHTpAIHIMH
BIQXXHOCTH B MOMEHT mocTwkeHUS Umin U Ustab.
OcHoBHOE CHIDKEHHE COTIPOTHUBICHUS
MOJYNPOBOJHUKA CEHCOpa MPOMCXOAUT 3a CUeT
MOBBILIEHUS €ro Temieparypbl. YMenblieHHe Ustab U
CBA3aHHOE ¢ OTUM cHibkeHue pocta AU MoxHO
OOBSCHUTH B CIJICACTBHE BO3JCHCTBHS ITOBBIIICHHOW
BII&YKHOCTH Ha TepH(epUiHbIC CIION TTOIYMPOBOJIHUKA
ceHcopa.

BeiBoabl. Bennunny 3nauenus napamerpa AU
Ustab-Umin B OCHOBHOM XapaKTepH3yeT Haln4yue B
TECTHPYEMOM BO3IyX€ MOHOOKCHIA yriepoaa |
BII&XKHOCTH, COpOMpOBaHHBIE B  IOJYNPOBOIHUK
ceHcopa. IloaTomMy mpu 3ara3oBaHHOCTH BO3IyXa
METaHOM 3TOT TapaMeTp 3HAYUTEIbHO MEHBIIE.
IMapametp Ustab He3HAUUTENBHO OoTAMYaeTCsA OT UmMin.

Bricokoe 3nauenne AU sBIsieTCS OTINYUTETBHOM
ocobenHoctpio Mexay CO W yrIIeBOZOPOIHBIMA
MOJICKYJIAaMH TIPH UX WACHTUDUKAIHH.

OOHapyxeHHass  BBICOKas  YyBCTBUTEIBHOCTD
TTOTyTIPOBOTHAKOBOTO ~ CEHCOpa K  MOHOOKCHAY
yriaepoja JOJDKHA TIO3BOJIUTH PEIINTh Tpobiemy
M3MEPEHUsI 3ara30BaHHOCTH BO3IyXa MOHO OKCHAOM
yriepoja AQHAJIOTUYHO MeToAaM W3MEpeHuUs
3ara3oBaHHOCTH BO3Ayxa MeTaHoM. llpu s3TtoM 3TO
BIIEPBBIE OyZET OCYIIECTBUMO B DPEXHME HMITyJIbCa

Harpesa.
Taxoxe BIIEPBBIE CTaHeT BO3MOXKHBIM
WIEHTU(GHULIMPOBATh  MOHOOKCHI  yrjepoia Mo

XapaKTCPU3yHIUM TOJbKO €ro BBICOKOMY 3HAYCHHIO
AU = Ustab-Uwmin.
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IMpumenenne mapamerpa PB= Uwmin/Uminair B
YCIIOBHSX M3MEHSIOIICHCST TEMIIEPATyPhl U BIAKHOCTH
IpH CHCTEMaTH4eckoM oOHOBIeHHH UMinAir TO3BOIUT
YCIEIIHO MPEOJOJIETh 3aBHCHMOCTh COHPOTHUBICHHS
MOJTYIIPOBOTHUKA CEHCOPA OT BIMSIHHS KIIMMATHIECKUX

YCIIOBUH.

B cBm3M ¢ »TEM BO3HHKaeT mpoliema
UICHTH(QUKAIIMA  «YHCTOTO  BO3MyXa», pEIICHHE
KOTOpOW  TpeidmojyiaraeTcsi IpH  aHAIW3E  BHIIIE

NIEPEUYHCICHHBIX HCCIEeTyEMBIX TapaMeTpoB.

B pa3paboraHHOM JeTEKTOpE ra3a CUTHAIM3ALUI0
YPOBHEH 3ara3oBaHHOCTH OCYIIECTBISIFOT CPaBHEHHEM
napameTpa P=Umin/Uminair ¢ 3a1aBacMBIMI YPOBHSIMHU
BN I KaXOOro  YpOBHA — CHTHANIM3AIMN
3ara3oBaHHOCTH. [Ipu 3TOM U1 yCTpaHeHUS BIMSHUA
TEMIIEPaTyphbl, BIAKHOCTH, aTMOC(EPHOTO AABICHUS U
BPEMEHHOW 4yBCTBUTEIBHOCTH CEHCOPA EPHOIUIECKH
OOHOBIIIIOT ~ 3HAUEHHWE CUTHAJA  CONPOTHBIICHHS
HOJTYTIPOBOJHUKA CEHCOpPa B YUCTOM Bo3ayxe Uminair.

YcTaHOBIIEHHUS 3aBUCUMOCTH MOIIHOCTH Harpena
CeHcopa OT TeMIepaTypsl TECTHPYEMOIro BO3IyXa
CO3/1aCT BO3MOXKHOCTB YTIPaBJIIEMOT0 HarpeBa ceHcopa
C 1IeJbI0 CTAaOMIM3aluK TEMIIEPAaTYpPHOTO PeXHMa €ro
MOy IIPOBOTHHKA.
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CoBpeMeHHbIE Y1eKTPOXUMHYECKHE CEHCOPbI CHTHAIN3aTOPOB YTEYKHU raza

Baagumup Ko3y6oBckuii, TOKTOp TEXHHYECKHX HAYyK, Ipodeccop
Vixropojackuii HanmoHanpHbIi YHUBEpCHTET, T. Ykropos, Ykpanna, E-mail: kozubvr@gmail.com

AHHOTAUMA. Xumuyeckue ceHcopbvl 0ABHO UCHONL3YIOMCS OISl AHAIU3A OKpyacaioueli cpedvl. OHu peazupyiom Ha
pazopascument, G6bI36aHHLIE PASTUYHLIMU XUMUYECKUMU BeUeCmeamuy Uiu Xumuyeckumu peakyusmu. Ilockonvky
Xumu4ecKue ceHcopbl npeoHAsHaueHvl 0 UOEHMUDPUKAYUU U KOTUHECMBEHHO20 ONPeOeNeHUs XUMUYECKUX 6euecma
(6Kxm04as AHCUOKYIO U 2a3000pa3HYIO Qa3bl), OHU OO0IIHCHBI DLIMb KAK CENeKMUBHBIMU, MAK U YYBCTNEUMETbHBIMU K
JICeNAeMbIM  YENesblM GUOAM 8 CMecU XuMuueckux eeuwjecms. IIpsimble Xxumuueckue Oamuuxy, GuusOwue Ha
INeKMPUYEcKUe  XapaKmepucmuky  Yy8CMEUmMeNbHO20 — JJeMEHMd, MOJCHO — pa3oeiums HA — Kame2opuu  no
XapaxkmepucmuKkam, Ha KOmMopbwle OHU GIUAIOM. Dmu YCMPOUCMEA U 8CHOMO2AMENbHASL INeKMPOHUKA YACIO UMEIOm
NPOCMYI0 KOHCMPYKYUIO, U NOLyHaAeMble 8 pe3yibmane npooyKmbvl MO2YNt YACMO UCHOIb308AMbBCS 8 CYPOBLIX YCIOGUSIX.
Jamuuku 3mo2co Knacca 6K0OYaOm Memal OKCUOHbLE ROTYRPOBOOHUKU, INEKMPOXUMULECKUE.

KioueBble ci10Ba: ymeuka 2azd, OnacHvie 2a3bl, INEKMPOXUMULECKUE CEHCOPbL, CUSHATIUZAMOPbL 2a34.

Modern electrochemical gas leak detectors

Vladimir Kozubovsky, Doctor of science, Professor
Uzhgorod National University, Uzhgorod, Ukraine, e-mail: kozubvr@gmail.com

Annotation. Chemical sensors are used to analyze the environment for a long time. They respond to stimuli produced by
various chemicals or chemical reactions. Since chemical sensors are intended for the identification and quantification of
chemical species (including both liquid and gaseous phases), they need to be both selective and sensitive to a desired
target species in a mixture of chemical species. Direct chemical sensors that affect the electrical characteristics of a
sensing element can be separated into categories by the characteristic that they affect. These devices and supporting
electronics are often simple in design and resulting products can often be used in harsh applications. Sensors in this class
include metal oxide semiconductors, electrochemical.

Keywords: gas leakage, hazardous gases, electrochemical sensors, gas detectors.

Lenp sTOM cCTAaTbu - O3HAKOMUTH YHUTATENs C 3I0pOBBs JFONEH, Hamied OesomacHocTu. I[Ipmmepom
MIOCIIEHUMH JOCTIDKEHUAMH B 00J1acTH pa3paboTKu | TOTO, KAK OHM HCHOJB3YIOTCS, SBISIETCS MOHHTOPHHT
MPUMEHEHUH JJIEKTPOXUMUYECKAX JaTIUKOB IS kucaopomga, CO, CO B oTpaboOTaHHBIX Ta3ax
KOHTPOJISI OKPY>Karolllel Hac Cpelibl. Y UUThIBas TO, 4TO aBTOMOOWJICH, YPOBHsI TJIOKO3bI B 00pa3liax KpOBH
O9THU JAaTYUKHU ABJIAOTCA OTHOCUTCIBHO ACIICBBIMHU ITIO OOIBHBIX caxapHbIM }II/Ia6€TOM, OIIPEACIICHUE YPOBHA
CPaBHEHHUIO C JIPYTMMH THIIAMH JaTYUKOB U HMEIOT JIBYOKHCH YIJIEpO/ia B BO3JIyX€, BBIBIXaCMOM YEJIOBEK,
XOpOIIUE METPOJIOTMYECKHEe MapaMeTphl B MOCIEIHUE CO B KWIBIX TIOMEUIEHHSX, B3PBIBOOINACHBIX
roAbl OHM Bce OOJbIIE BBHITECHSIOT C PBIHKA JIPyTUe KOHLIEHTPAIMH TOIIMBHBIX TA30B M T.N. XMMHYECKHE
TUNBI  jaTdukoB.  [loaToMy — cTaThst ~ MOXET JaTYMK{d pearupyloT Ha BO3ACHCTBHUS, BBI3BAHHBIC
3aMHTEPEcOBaTh  IMPOM3BOAWTENCH  aHATUTHYECKHX pa3NMYHBIMH ~ XUMHYECKUMH  BEUIECTBAMH  WIIU
prOOpOB. XUMHYECKUMHU peaKkuusIMH. Ot JIATYUKH

XUMHAYECKHE  JaTYNKH  HCHONB3YIOTCSA IS MIpeaHA3HAYCHBI ULt UACHTH(UKALUH "
aHaIM3a OKpY’XKamomed cpeapl odeHb maBHO. OHHM KOJINYECTBEHHOTO OIPEICTICHUSI XMMHUUECKUX BEIIECTB
0a3upyrOTCS Ha CTAaHAAPTHBIX XUMHUECKUX PEaKIHsX, B (B TOM "mCIE B )KUIKOH U B Ta3000pa3zHOi (haze).
PE3YIbTAaTEC KOTOPBIX M3MECHACTCA HBET pacTBOpa, €0 B IMPOMBINUICHHOCTH OHU HCIIOJB3YIOTCA JJIA
IPO3pavyHOCTh, BhIAEIIETCA Tewio ¥ T.4. OmHaKko ¢ 9KOJIOTHYECKOT0  MOHHUTOpUHra  pabdo4mx  MecCT,
Ppa3sBUTHEM HayKH YUCTO XUMHYCCKUC JaTUYUKHU KOHTPOJIA OITIaCHOT'O BO3}IeﬁCTBHﬂ TOKCHYCCKUX
3aMEHSAIOTCS  JaTYMKaMM, KOTOpble paboTaloT Ha BEILECTB M OIPAaHMYEHUs] UX BIIMSHUS Ha 3/10pPOBbE U
(U3MKO-XUMUYECKUX,  OMOXMMHYECKHX,  ONTHKO- 0€301acHOCTh  JKU3HENEATeNIbHOCTH. B menuuune
XUMHUYCCKHUX MCTOAAX aHaJu3a. Ot COBPEMCHHBIC XUMHUYCCKUEC JAaTUNKN UCIIOJB3YIOTCA IJIA ONPCACIICHUA
JaTYMK{ HA BBIXOZE BBLAAIOT DJIEKTPHUUYECKUI CHUTHAM, 3JI0POBBSI MALIMEHTOB ITyTEM MOHUTOPHHIA COJIEPKAHUS
KOTOpBIH  JIETKO ~ oOpabaThiBaeTcsi C  MOMOLIBIO KHCJIOpOJia M JIPyTHX Ta30B B JIETKUX M B 00Opasmax
COBpPEMEHHOH 3J1eKTpOHUKH. COBpPEMEHHBIE JATYHKH KpOBU. OTH JaTYUKH YaCTO HCIOJIB3YIOTCS IS
HaxoQiIT  INMPOKOE  TpPUMEHEeHHWe st Ooree TECTUPOBAHUSI yPOBHEH COAEPKAHUS AIKOTOJIS B KPOBU
a¢¢exTuBHON pPabOTBI aBTOMOOWIEH, IS PO3BICKA ¥ B Ka4eCTBE MHAWKATOPOB IPOOIIEM IMHUIIEBAPCHUS Y
MIPECTYIIHUKOB, KOHTPOJISI OKpYXaloLmel Cpeapl Hu MalMEeHTOB. B BOCHHON TEXHHKE XMMHUYECKHE JATIUKU
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UCIIOJIB3YIOTCS sl OOHAPYKEHHS CKIIAZ0B FOPIOYETO U
NPeNyNpPEeKACHUS COJIAT O HaJIWYUH B BO3AYXE
SIOBUTHIX BellecTB. He cylecTByeT OOIICIPHHATOrO
MeToJa KIacCH(UKALMN BCEX XUMUYECKHUX NaTUYMKOB.
JU71st 5TOTO MBI pa3esIiili UX Ha IB€ OCHOBHBIE TPYIIIIBL:
OJIHA TPYNIIA - JaTYNKH, H3MEPSIOIINE HICKTPUUECKUE
WM DJIEKTPOXUMHYECKHME CBOMCTBA, BTOpas - Te,
KOTOpBIE U3MEPSIOT N3MEHEHHE (PH3MIECKUX CBOMCTB.
JlaTunku, KOTOpbIE HENOCPENCTBEHHO H3MEPSIOT
JJIEKTPUYECKHE CBOMCTBA KaKOTO-MOO BELIECTBA HIIH
BIIMSIHUE aHATM3UPYEMOT'0 BEIIECTBA Ha 3JIEKTPUIECKHUE
CBOICTBa JPYroro BELIECTBA YacTO  SBISIOTCS
HEeOPOTMMH KOMMEPYECKH JOCTYITHBIMU AETEKTOPAMH.
B otEX [parumkax OOHapyXKEHHsS MOXET OBITh
o0paTUMBIM WM HEOOPaTUMBIM TIPOIECCOM, HYTO
MIPUBOJUT K PA3JI0KEHHUIO aHATM3UPYEMOTO BEeIIECTBA, B
NIEpBOM  CIy4ae BPEMEHHOr0. OTH JaT4UKH M|
BCIIOMOTaTeJIbHAS JJIEKTPOHUKA, KaK MPaBHJIO, POCTHI
110 KOHCTPYKIIMH U B pe3yJIbTaTe NpHOOPHI Ha UX OCHOBE
BEPOATHO MOTYT OBITH MCIIOJIb30BAaHBEI B JKECTKHX

YCIIOBUSIX.

JaTuuku STOro Kjacca BKIIOYAIOT —MeETalll-
OKCUJHBIE  TOJYIPOBOJAHUKH, DIIEKTPOXUMUUYECKUE
JATYNKH, MTOTEHIIOMETPUIECKHE JATYNKH,
KOHAYKTOMETPUIECKHE u aMIIepOMETPUIECKHE
JMATIUKH, DIIACTOMEPHBIE XEMO PE3HCTOPBI, XEMO

KOHAEHCATOPBI, XUMUYIECKHE ITOJIEBBIC TPAH3UCTOPHI.

MeTa/L1-OKCHAHBIE MOJIyNIPOBOAHHKOBbIE
ycTpoiicTBa.

B naubonee pacpocTpaHEHHBIX THIIAX JaTYHKOB
Ha METalI-OKCHAHBIX monynpoBogaukax (MOH)

MIPOMCXOJIUT MPEBPALICHUE N3MEHEHHS KOHIIEHTPALUH
AaKTHBHBIX 4YaCTHIl B M3MEHEHHE CONpPOTHBIICHUS.
Pa3zpaboTka 3TMX JaT4MkoB Hauyayiachk Oosiee 50 et
Ha3aJ, KOrJa YydYeHble OOHApPYXXWJIH, YTO YJIEIbHOE
CONPOTUBJICHHE  TIOJNYIIPOBOAHUKA HM3MEHSIETCS ¢
M3MEHEHHEM OKpYXKarolleld XUMH4YecKod cpensl [1].
CeromHst  METAI-OKCHIHBIE  JAaTYMKH  SIBIISTIOTCS
KOMMEpPYECKHU TOCTYITHBIMH, HEAOPOTHMH, Ha/IS)KHBIMH
1 HCTIOJIB3YIOTCSI B PAa3NIMYHBIX NMPHUKIATHBIX 3aJadax.
Jatunk Ha OCHOBE METAI-OKCHAA, Kak IPaBUIIo,
COCTOMT W3 IIOJIyIIPOBOAHUKOBOTO YYBCTBUTEIBHOTO
CIIOS, DJIEKTPUYECKUX KOHTAKTOB ISl H3MEpPEHHMs
CONPOTHUBIJICHHSI OTOTO CJIOS, W HarpeBarens Juis
perynupoBaHust Temmeparypsl gatuuka [1]. Ilocne
XEMOCOpPOLIMM XMMHYECKH AaKTHUBHBIX MOJIEKYNl Ha
MTOBEPXHOCTH OKCH/Ia METailla, MPOUCXOIHUT IEPEeHOC
3apsina. Korma merami-oKcHaHBIE KPHUCTAIUIBI, TaKUe
kak SnO,, HArpeBalT Ha BO3IyXe JO ONMpPEACICHHOM,
JOCTaTOYHO  BBICOKOM  TEMIeEpaTypsl,  KHCIOPOX
azcopOupyeTcs Ha MOBEPXHOCTH KpUCTaIa, W
(dbopMupyeTcsi MOBEpXHOCTHBIA MOTEHIUAT, KOTOPBIN
MIPEMSITCTBYET MOTOKY AJIEKTPOHOB. Korzia moBepXHOCTH
MIOJBEPTACTCS BO3AEHCTBUIO Ta30B, OKUCIIAIOTCS, TAKUX
Kak  BOJOpPOA, MeTaH W  OKHChb  yIJIepoJa,
NOBEPXHOCTHBIH  TMOTEHIMAJ  yMEHbIIAETCs, W
MPOBOAMMOCTh 3aMeTHO yBenuuuBaercs [2]. [To mepe
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YBEITMUYCHUS KOHLIEHTPALIH AHATTM3UPYEMOTO
KOMITOHEHTA, N3MEHSETCSI BEJIMUMHA COIIPOTUBIICHNS.
CootHomrenue MEXIY IEKTPHUIECKUM

CONPOTHUBJIEHUEM IUIEHKU U 3aJJaHHOW KOHLEHTpauuei
rasa OIMCHIBAETCS CIACAYIOLUM YPaBHEHUEM:
Rs=AC™* Q)
rac RS - ABJIACTCA DJICKTPUYECKUM COIIPOTHUBICHUEM
nmatauka A 1 cenn@ruIeckoil MOCTOSTHHON [Tt TaHHOTO
cocraBa 1ieHkd; C - KOHIIEHTpaIus rasza; u o - ecTh
XapaKTEPUCTHYCCKUM HAKJIOHOM KpuBoW RS st aToro
MaTepuana U aHaJIU3upyeMoro rasa.
Merann-oKCUIHbIE YCTPOHCTBA MEHSIOT CBOE
CONPOTHUBIIEHUE B 3aBUCUMOCTU OT MPHUCYTCTBUS Trasa,
OKHCIISICT W KaK TaKOBBIE, TPEOYIOT JOMOTHHUTEIBHOM
SJIEKTPOHHOW CXEeMBI Jsi cBoed pabotel. Tummdanas
CXeMa 3aKJII0YaeTCsl BO BKIIOYEHUH JAaTYMKA B OJHO U3
IJI€4 MOCTOBOM CX€Mbl YUTCTOHA, TaK YTO U3MEHEHUE
COTPOTHRIICHUS] MOXKET OBITh U3MEpeHa KaK Pa3HOCTb
MOTEHIMAJIOB B JMAroHaduM MOCTOBOM cxewmbl. Jlid
HACTPONKU TOYKH PABHOBECHUS MOCTA B 3aBUCHMOCTH OT
TeMIIepaTypbl JlaT4nKa HEoOXoauM NTC
TepMmopesucTop T° ¢ JMHEeapu3yIOUIUM HapaielbHbIM
pesuctopoM. [loCKOJBKY JaT4WK BemeT ceds Kak
MEPEMEHHBIA  PE3UCTOP, CONPOTHBICHHUE KOTOPOIO
HU3MEHSIETCS] B 3aBUCUMOCTH OT BHJIa U KOHLUEHTpaLUU
rasa, MaJicHue HalpsDKEHUS Ha HEM MPONOPLIHMOHATBHO
€ro COIPOTHBIEHHUA. TakuM 00pa3oM perucTpupyercs
NMajJeHUue HampsHKEHUsT B MOCTOBOM  cxeme B
3aBUCUMOCTHU OT KOHLCHTPALIUU Ta3a. CI/IFHaJ'I OTKIJIMKa
OT JATYMKOB JIMHEHHBIM, KOrJa OH JaeTcsi B
norapudpmuueckoM Macinradbe. HakaoHsl U cMeleHne
pabounMx  KpUBBIX,  BBI3BaHHBIC  BO3JICHCTBHEM
Pa3IUYHBIX OKUCISIEMBIX Ta30B, MO3BOJSIIOT OTIUYATH
X JpYr OT JApyra W ONpeAeNsiTh HUX KOJMYECTBO B
ONpEJCNICHHbIX JMana3oHaX KOHUEHTpauud, rae
KpUBbIE HE MepeceKkaroTcsl. BennunHa BIMsSHUS 3aBUCUT
OT TeMIepaTypbl raza M €ro BIAKHOCTU. Takoe
TOBEJEHUE CONPOTUBIIEHUSI CEHCOPAa OT COAEpPKaAHUS
BIIATH B Ta30BOM CMECH MOXET OBITh BBI3BAHO,
HalpuMep, pPA3IMYHBIM  [OBEACHHEM  3JIEMEHTOB
ceHcopa  (MOAJIOKKH,  TMPOBOJOB,  HarpeBarers,
YYBCTBUTCIBHOIO CJIOS, Ta30BOT0 (puiabTpa) IMOL
BO3JIelicTBMEM Biard. Ha Takoe moBeleHHE cCeHCopa
TaKXKE MOXET BIHITH U3MCHCHHE paOOTHI BBIXOJA B

CyXOM U BIQXHOM BO3lyXe IIOJ BIIUSHUEM
KOHKYpHpYIOIell B3aUMOAEUCTBUS TUAPOKCUIBHOM
rpymmel - OH  wm xwmemopoma  (cm.  puc.l)
(http://www.figaro.co.jp/en/img/development/handouta
i/shikumi.gif).

JloTIOTHUTETFHO MOYKHO HCIIOJIB30BATH CKOPOCTH
W3MEHEHHS TIPOBOJUMOCTH IUIS pPasziIHUeHHs Ta30B U
KoHIleHTpanuid. OO0beMHass TPOBOJUMOCTh MOXKET
opeiidboBaTh Ui 3THX YCTPOMCTB, HO CKOPOCTh
W3MEHEHHs NPOBOAMMOCTH, KOTJAa OHa YIPaBIAETCS
BXOJIHBIMH UMITYJIbCAMH, SIBJISICTCS 00JIee CTaOUIIBHOM U
BOCIIPOU3BOJUMOM. Jst 3TOro HCIOJIB3YIOT
MMITYJIBCHYIO IMOJIa4y CHTHAlla CYMTHIBAHWS B KOHIIE


http://www.figaro.co.jp/en/img/development/handoutai/shikumi.gif
http://www.figaro.co.jp/en/img/development/handoutai/shikumi.gif

IIT Lsg®omsdemtobim bsdgboghm-Egdbogzmeo 3mbggmabios "gbgMag@ogol msbsdgmmgy 3Gmdergdgdo
@5 35000 3505§93930L 3bgdo", MdoEOLo, bygsGmggwm, 2021 fiemol 7-10 ogbolio
IIT International Scientific and Technological Conference "Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, June 7-10, 2021

KaXXaoro mnOukjia HW3MEpPEHUA. DT0  3HAYUTEIBHO
MOBBIIIACT CTA0UIBLHOCTD BBIXOJHOI'O CHUIHajla JaT4YHKa.

Puc. 1. B3anmopeticTBie u mpeoOpazoBaHme
XMMHUYECKHUX IEMEHTOB Ha IOBEPXHOCTH CEHCOPA

Kpome TOro, anst MOBBIIIEHHUS CENEKTUBHOCTH
aHaJIM3a KCIOJB3YeTCs MMIYJIBCHBIH PEXHUM paboThI
Harpesatens ceHcopa. [Ipu M3MeHeHHM TeMIepaTypsl
YyBCTBUTENbHOTO cjog a0 450°C oH cTaHOBUTCSH
YyBCTBUTENBHBIM K METaHy, a IIpH OXJIAKICHUH
yyBcTBUTENbHOrO ciod a0 100°C u Hmwxke OH
craHoBUTCs 4wyBcTBUTENbHBIM K CO. Ha pue. 2
MIOKa3aHa 3TO U3MEHEHHE YyBCTBUTEIHFHOCTH K METaHy
n CO B mepuogsl OXJN@KAEGHWS W  Harpesa
(https://www.figaro.co.jp/en/product/entry/tgs3870.htm
). U3 pucyHKa BHIHO, 9TO 3@ CYET STOTO MOXKET OBITH
JOCTUTHYTA XOPOILasi CEIEKTUBHOCTh aHAIH3A.
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Puc. 2. TToouepeHoe HATOKESHHSI IIUKIIOB
BBIXOHOTO curHaia cencopa TGS 3870 B npomecce
ancopOuyu Merana (A) u ancopouun CO (B);
Crpenkoil MoKa3aHo HAIMPaBICHHUE YBEIUUCHUS
KOHIICHTPALMK aHATM3UPYEMOro Tra3a

MeraT-OKCHAHBIE  TBEPAOTENbHBIC  JATYNKU
HMEIOT TO IPEUMYIIECTBO, YTO OHU HEOOBIINE, HMEIOT
HU3KYIO TOTPEOIISIEMYTO MOIITHOCTh, HU3KYIO CTOMMOCTb
1 MOTYT OBITB JIETKO H3TOTOBJIEHBI METOAOM T'PYIIIIOBOM
TexHonorun. CxemMa KOHTPOJIS W U3MEPEHUS] MOXKET
ObITb peann30BaHa Ha KPEMHUEBOH MHKpPOCXEME,
TaKXe, OOECIeYnBaeT BO3MOXKHOCTH JUIS CO3IAaHUS
MOJTyJIBHBIX TJATYUKOB, KOTOPBIE COJEPKAT MOHOIUTHO
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HWHTErPUPOBAHHYIO MaTpHILy YYBCTBUTEIBHBIX
JJIEMEHTOB BMECTE C CHCTEMO#l cOopa JaHHBIX |
yIpaBICHUEM, PACIIOIOKEHHOW HAa TOM K€ KPHCTAILIE.
[TosSIBUINCh HECKOJBKO CCHUIOK HAa TOHKO M TOJCTO
IUICHOYHBbIE JaTYMKA HAa KPEMHHEBOW MOJIOKKE Ha
OCHOBE pa3NIMYHBIX MATEPHAJIOB [UI H3MEpPEHHs
pa3nuyHbIX Ta30B. OKCHI 0JIOBa SBJIIETCS Hauboliee
M3y4EHHBIM M PaCIpOCTPaHEHHBIM OECIpPHUMECHBIM
IUICHOYHBIM MaTepuaioM. Kpome Toro, mieHKHA OKCHIIA
oJioBa JierupoBanubie Pt u Pd Obut ncmons30BaHbl 1ist
M3MEPCHUS OKHCH yriaepona, BOJIOPO/IA,
yrieBoaopoioB. TuTaH, B pasHbix Gopmax U cpenax,
ObLT KCIOJIb30BAH [Tl U3MEPEHHUsT KUCIopoaa. Posuii
nerupoBaHubid TiO; UCMONb3yeTCs AL ONMpeeTIeHUs
Bogopona. Okcun nuHKAa OBUT HCIOJB30BAH IS
JCTEKTUPOBAaHMUS  BOJIOPOJA, YrapHOro ra3a W
yraeBofgoponoB [3]. DiexTpuueckrne CBOHCTBA ITHX
MaTepHaJIOB U3MEHSIOTCS ¢ ajcopOIue, abcopOuueii,
JIeCOpOITHeH, MeperpynmupOBKON U PEeaKIUsIMH Ta30B
Ha TIOBCPXHOCTH WU B 06’BCMC. MHorue u3 3THX
MaTepUANIOB UMCIOT KAaTaJWTUYCCKHE CBOWCTBA, U
TaKXkKe ancopOlus W/WIN TOBEPXHOCTHBIC pPEaKIUU

ra3oB CHOCOﬁCTByIOT HU3MCHCHUIO BHGKTpI/I‘IeCKOﬁ
IPpOBOANMOCTH.
3J16KTPOXHMI/I‘!ECKI/IE JATYUKH.
3J'I€KTPOXI/IMI/I‘ICCKI/IC JaTYUKHU SABIIAIOTCA

KOMMEpPYECKH IOCTYIHBIMH M YHHBEpCAIbHBIMH. B
3aBUCHMOCTH OT PEXHMa pabOTHI, OHU MAEIATCS Ha
JaTYUKH,  KOTOpPBIE  TEHEPUPYIOT  HampshKCHHE
(TOTeHIMOMETPHUYECKHE), T€, KOTOphIe MEHSIOT CBOM
SJIEKTPUUECKUIl TOK (aMmepMeTpudHM) U T€, YTO
OCHOBaHBI Ha M3MEPEHMH IPOBOAUMOCTH  WIH
CONPOTHUBIICHHST (KOHAYKTOMeTpuueckue). Bo Bcex
STUX  METOJaX  HUCHOJIB3YIOTCS crenuanbHbIe
NEKTPOJBI, TA€ JHOO IPOMCXOMUT XHUMHUYECKast
peakuusi, 10O TeEpeHoc 3apsga  MOIYJIHPYETCs
peakuuen.

DyHIaMEHTaIbHOE MIPaBUIIO 3JIEKTPO-
XMMHYECKOTO JaTdhKa SBISIETCS TO, YTO OH BCEraa
TpeOyeT 3aMKHYTOTO KOHTYpPa, TO €CTh 3JEKTPUICCKUH
TOK (IOCTOSIHHBI WM TEPEMEHHBIN) JTOJDKEH HMETh
BO3MOYKHOCTH IIPOTEKATh IS IPOBEACHUS N3MEPEHUIL.
ITockonpKy Ui TPOTEKAHUS DIEKTPUYECKOTO TOKa
HEOOXOMM 3aMKHYTBIH KOHTYp, IaTYUKY HEOOXOAUMO
UMETh, 110 MEHbIIEH Mepe, JBa AJIEKTPOAA, OAUH U3
KOTOPBIX Ha3bIBAETCSI BO30OHOBIISIEMBIM 3JICKTPOJIOM.

Crnemyer OTMETHTH, OJHAKO, YTO JaK€ €CIU B
MOTEHIUOMETPUIECKOM JIaTUUKe HE HYKHO
MPOTEKAaHWS TOKAa, MENb BCE JK€ JIOJDKHA OBITH
3aMKHYTBIM ITPH H3MEPEHUH HAIPSKECHUSL.

ONeKTpOoIBsl B 3TUX CEHCOPHBIX CHCTEMax 4YacTo
M3rOTaBIMBAIOTCS U3 KATATUTUYECKUX METAJIIOB, TAKUX
KaKk IUIaTMHA WM Ta/UIafAndil, WIA OHU MOTYT OBITh
METaJIOo HOKPBITBIM ~ YIJIEPOAOM. ONeKTpoIs!
CKOHCTPYUPOBAHBI TaKHUM O0pa3oM, YTOOBI HMETh
OOJIBIIYIO TUIONIAJ(b TTOBEPXHOCTH, VIS TOTO, YTOOBI
pearupoBaTh C TaKUM KOJIMYECTBOM aHAIN3HPYEMOIO
BEILIECTBA, C KOTOPOM TOJIBKO BO3MOXHO, IMPOU3BOJISL
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JOCTATOYHYI0  BEJIMYMHY HM3MEPSEMOr0  CHUTHAA.
DeKTPOIbl MOXKHO BHIOU3MEHSTh, YTOOBI YIIYUIIHTh
CKOPOCTb PEAKIIUH U ITPOJUTUTH X HPOJIOIDKUTEILHOCTh
xu3HU. L{eneBbie XUMUUECKHE PEakIuU IPOUCXOIAT Ha
pabouem (mHmmkatopHoit) snextpone (WE) (Puc.3).
DJEeKTPUYECKU CUTHAII U3MEPSETCS 110 OTHOIICHHIO K
U3MEPUTEIIEHOMY WJIM BCIIOMOTaTEIbHOMY (CYETHOMY)
SJIEKTPOIY (AE), KOTOPBIit HE SIBJISIETCS
KaTaIUTUYECKHUM, a B CJIydae TpeX OSJIEKTPOIHBIX
cucteM, Tperuii  amekrpon  cpaBHenus — (RE)
WCIIONIB3YeTCST Ui W3MEPEHUs] M KOPPEKLUH
JNEKTPOXUMHUYECKHX TOTCHIMATIOB, TCHEPUPYEMBIX
KQXIBIM DJIEKTPOAOM H  JJieKTpoiauToM. Tperuii
ANEKTPOJ]  yiydinaer (YHKIMOHUPOBAHUE IyTEM
KOPPEKLUH  OIMIMOOK, BHOCHMBIX  MOJSIpU3alUei
pabouero osnekTpona. HoBbIe 3IEKTPOXUMHYECKUE
JATYUKA HCTIONB3YIOT TOJICTOTJICHOYHYO
TpadapeTHyro Me4yarh HaOopa 3JICKTPOIOB, YTOOBI
C/IeNnaTh MPOU3BOJICTBO OOJiee MPOCTHIM M HAJIEKHBIM.
DNEeKTPONIUT  SIBIISIETCS  CPEelNoi,  KoTopas
MIEPEHOCHUT 3apsiil C HCIOJIb30BaHUEM HOHOB BMECTO
9JIEKTPOHOB. JTO HENOCPEICTBEHHO OrPaHHMYMBAET
peaKknuy, KOTOpble MOTYT MMEThb MECTO, W SIBIISIETCS
MEPBBIM  JTAllOM  TOBBIMICHUS  CEJIEKTHBHOCTH
INEKTPOXUMHUIECKOTO JIATYHKA. Jaruuk,
0o0pa3oBaHHbBIi  ATHM  HAOOPOM  3JEKTPOMOB U
QNIEKTPOJIMTOB  HA3bIBAETCS  DIIEKTPOXUMHUYECKOM
SYEHKOW W MOXKeT paboTaTb B 3aBHCHMOCTH OT €ro
JNIEKTPUYECKMX  MapameTpoB  (M3MEHEHUsl  €ro
CONPOTHUBIICHHSI, TIOTEHIMANA, TOKa, €EMKOCTH U T.J.).
Bonee noctoBepHbIe pe3ysbTaThl HU3MEPEHUN MOTYT
OBITH TOJy4EeHBl C TIOMOLIBIO PA3NIUYHBIX THUIIOB
BOJITAMIIEPMETPBI, KOTOPBIE MBI 00CY/IUM JlaJiee.

Waveform
Generator

Potentiostat —

micro-vial

| volume fill line

Puc. 3. KOMIUIEKT 27€KTPOJOB 31EKTPOXUMUYECKOTO
IaTYrKa

IIpocToil  XKUAKOCTHBIM  3JIEKTPOXUMHUYECKHUI
CCHCOP HCIONB3YET JIBa AJIEKTPOJA, MOTPYKEHHBIC B
pactBop 3JeKkTponuTa. PaccmaTpuBaeMble Ta3bl, TaKue
kak CO, pearupytor Ha pabodyeMm DdJEKTpoAe |
mpousBoaiaT CO, U CBOOOIHBIC 3JCKTPOHBI. 3apsiabl U
3apsDKeHHBIE  YaCTUIBI MUTPHPYIOT Ha  JAPYroi
(cyeTHbIiT) 2NEKTPOA, THE BBIJIENSETCS BOAA, €CIH
IPUCYTCTBYET KUCIOPOA. DTa peakius npespamiaetr CO
B CO;. Ecnu a5eKTpoabl COeTMHEHBI MOCIEI0BATEILHO
C PE3UCTOPOM M M3MEpsIeTCs MajeHKe MOTeHIrala Ha
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pe3ucrope, TO OHO OyAeT NPONOPIHOHAIBHO TOKY,
MIPOTEKAIOIIET0 U KOHIICHTPAIIUY aHAIU3UPYEMOT'o I'a3
CO+H,0—->CO,+2H +2e- 2
CoBpeMeHHBbIE JIEKTPOXUMHYECKHE JATYHKH
Ha puc. 4 mpuBeneHa KOHCTPYKLIHS Ta30BOTO
cercopa okucu yraepona NAP-508 ¢bupmer Nemoto,
Smonus (WWw.nemoto.eu).

Gapillary
Charcoal Filter

?—-
[%\_qﬁ\—%rking Eleotrode
- = Glass Fiber
e i
Electrolyte| | F == R/C Electrode
1—-___...-—-,_.—-—-...____...-—-—--.._..-:—.
= Body

Puc. 4. [Tpunimn paboThl HIEKTPOXUMHYECKOTO
ra3oBoro cencopa okucu yriepoaa NAP-508

NAP - 508 cocTouT n3 3-X MOPUCTHIX IIMEKTPOIOB
C  WCIONB30BaHMEM  ONArOPOAHBIX  METAJUIOB,
pa3leNieHHBIX ~ KUCIBIM  BOJHBIM  BJICKTPOJINTOM,
KOTOPBIH HAaxXOAWTCS B TpeleNnax IUIACTUKOBOTO
Kopnyca. ['a3 moctynaer B 3JIEKTPOIUTHUECKYIO STUEUKY
yepe3 ra3o-pazoslit quddy3HbIH Oapbep (Kamuuisp) 1
YTOJBHBINA (DUIIBTP, KOTOPBIA yIAIICT HEXeIaTeabHbIC
ras3pl, KOTOpbIE MOTYT MeIlaTh paboTe JAaTYMKOB HIIH
NPUBOJMTH K BbIJIaue JIOKHOTO CHrHana. PesepByap c
JJIEKTPOJIUTOM OOecIeunBaeT HM30BITOK AJIEKTPOJIMTA,
JOCTYIEH B JI000C BpeMs, M IAaTYWK BEHTHIHPYIOT,
4TOOBI OOECIeYNTh paBHOBECHE BHYTPCHHETO W
BHEIITHETO JIABJICHHS aTIHKa.

B mpomecce paGoTel ra3 mpOHHWKAET B SYCHKY
4yepe3 Kamwuisip W (QWIBTP, W BCTYMAaeT B KOHTAKT C
"pabouum"  smekTpomom. IIpucyTcTByeT — OKHCH
yriaepoja HeceT CIENyIIeld peakiuu (OKUCIICHUE):
CO + HO — CO; + 2H* + 2¢. CO, xoropas
TEHEPUPYETCsl, OTBOJAUTCS HAapyXy OT SYEHKH uepe3
KalmwuisAp, B TO BpeMs Kak uOHbI Bomopoma (HY)
MHTPUPYIOT B DJIEKTPOJIUT BHYTPb STYEHKH. DIIEKTPOHBI
(e"), renepupyemble Ha paboyeM dIEKTPO/JIE, OCTYIAIOT
BO BHEIITHIOIO KPYT Yepe3 METAIUIO KOHTaKTHYIO TI0JIOCY
B BHJE HEOOIBIOTO (NA) IIEKTPUIECKOTO TOKA.

Peakmus Ha pabouem IIEKTPOJIE
YpaBHOBEIINBACTCS B3aMMHOW (BOCCTaHOBHUTEIIEHOMN)
peaknme Ha MPOTHENEKTPOAE  (M3MEPHTEIBHOM
ANEKTPO/IE), C MOMOIIBIO KUCIOPOJa M3 OKPYKaroIeH
aTMochepsr:

%0y +2H*+ 2e- — H,0. (3)

ONEeKTPOHBI, HCHOJB3YEMBIX B JTOH peakiuH,
NOJAIOT MO BHEIIHEW Lenu 4Yepe3 MeTaJUINYecKyIo
KOHTaKTHYIO MOJIOCY CYETHOTO JJIEKTPO/IA.


http://www.nemoto.eu/
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PTFE Membrane
(o3

Electrolyte 2 Counter electrode

== 2H"

Current

H O

Output
HO el

VWorking electrode Reference electrode

{coim RL
CO+H 0—=Cd +2H azie

= |

Puc. 5. Cxemarnueckoe m3o0paxenue natanka CO
NAP-508 u cxembl U3MEpPEHHs TOKa

Potentiostat

TakuM o00pa3oM mpu TOMIONICHWH BOJBI Ha
paboyeM 3JIeKTpoJie TeHEpUPYIOTCSI HOHBI BOJIOPO/a, U
B TO JX€ BpeMs, KaKk HOHBI BOJOpOJAa MOTPEOISIOTCS
H3MEPUTEIBHBIM AJIEKTPOJIOM, BOJa CO3AaeTCs 3aHOBO.
B TO xe Bpems, peakuus Ha pabodeM JIIEKTpoIe
TeHEpPHPYET 3JEKTPOHBI, B TO )K€ BpeMs peakUus Ha
HU3MEPUTEIBHOM JJIEKTPOJE IMOTPEONISeT DICKTPOHBI.
CoenuHnB pabounii W W3MEPUTEIBHBIA DJIEKTPOJIBI
BMECTE€ C IIOMOLIBIO CIICIHANBHOIO KOHTYpa, ITOTOK
SJIEKTPOHOB MEXIY IOBYMS JICKTPOJAMH H3MEpSEeTCS

KaKk  ypOBeHb  TOKOBOTO  CHTHaima B NA,
HpOHOpHI/IOHaHBHLIﬁ KOHICHTpalun MOHOOKCH A
yriaepoja.

OnekTpon CpaBHCHHUSI COXpaHsIeT
paboTocnocoOHOCTh STYEUKH. On OKpYKEH

JJIEKTPOJIUTOM, HE KOHTAaKTHPYET C ra3oM U TOK He
mpoxogur  4epe3  Hero. CriepoBarenbHO,  €TO
NIEKTPOXVUMHUYECKMH TOTEHIMAN, BCETAAa OCTaeTCs
ITOCTOSIHHBIM Ha YPOBHE, M3BECTHOI'O KaK '"MOTEHIIHAI

Jlutepartypa
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MoKos  Bo3ayxa', ® OH HCIONB3yeTCs I
peryJMpoBaHusl TNOTEHLHMada pabodero 3JIeKTpoia,
HE3aBUCHUMO OT TOKa, TCHEPHUPYEMOT0 BO BpeMs paOOoTHI.
Takum 06pa3oM, UCIIONBE30BaHKE AIIEKTPOJIA CPABHEHUS
(Tpex »snexTpomHOe (QYHKIMOHHUPOBAHHWE) IOMOTAET
paciIupuTh pabounii AWanasoH AATYMKA, YIIYULIUTH
JIMHEMHOCTD U JacT pAd MPpEUMYHICCTB 110 CPABHEHUIO C
MMOXO0XXHUMHU JaTdYUKaMu, paGOTa}OH_[I/IMI/I TOJIBKO C ABYMA
IJEKTPOJIAMH.

CpaBHeHMe 2JIEKTPOXUMHUYECKUX CEHCOPOB ¢
JPYTMMH TUTIAMU JATYUKOB

ONEeKTPOXUMHUYECKHE JaTYuKh Ta3a HUMEIoT
CJenyIoNre MPEeUMYINEecTBa HaJ MeTalll-OKCUIHBIMU
ra30BBEIMM JaTYUKHA OOBIYHOIO THUIIA:

- JIMHEHNHBIA BBIXOJT
KOHIICHTPAIINH Ta3a;

- BBICOKAsI BOCIIPOM3BOIUMOCTE;

- BBICOKAs CEJICKTUBHOCTE;

- HE3aBHUCUMOCTbH OT BJIA)KHOCTH;

- CTaOMJIBHBIM BBIXOJ B TEYEHHE JINTEIHHOIO
BpPEMEHU;

- HH3KO€ »JHepromoTrpebiieHne, Tak Kak He
WCTIONB3YETCsl HarpeBaTenb (MoxeT paboTaTh OT
Gatapeiiku)

- MAJICHbKUH U JeTKUi (MOXKET UCTIONb30BATHCS B
MOPTATUBHBIX YCTPOUCTBAX);

- BBICOKAsI yCTOWYMBOCTD K yIapaM ¥ BHOPAITUSIM.

IMpoNoOpUHUOHAIICH

sub-partsper-million concentration levels. Sens
Actuators B 115:322-329.

3. Egashira M, Kanehara N, Shimizu Y, lwanaga H
(1989) Gas-sensing characteristics of Lirodoped and

undoped ZnO whiskers. Sens Actuators B 18.
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I'azocurnanusatopsl BAPTA — coBpeMeHHbIl ypOBeHb HA/IE:KHOCTH M KayecTBa

Cepreii OpjioB

kommanuss TEMUO, r. Kues, Ykpauna, E-mail: zam_temio@ukr.net
Cepreii I'etmanen

kommanuss TEMUO, r. Kues, Ykpauna

Annotanust. Kounanus « TEMIO» - paspabomuux u npou3eooumens Wupoko U3GeCMHbIX 8 YKpaune u 6 cmpamax
Onudicne2o 3apybedicva casocuenanuzamopos BAPTA, npednaznauennulx 0N agMoMamuiecko20 KOHMpOJis COOEPHCAHUs
ONACHBIX U/UNIU MOKCUUHBIX 24308 8 8030V UIHOU Cpeoe.

Ilpu 6o3HUKHOGEHUU 6 6030YX€ ONACHOU ONsl JCUZHU U 300pPOBbS YeN08eKA KOHYEHMPAyuu >Mmux 2a3o08 npuobop
ABMOMAMUYecKU  GKIIOYAEm  C8EMO36VKOGYI0  CUSHAU3AYWIO, OMKIIOYAem nooavy 2daza uw/uiu eKuodaem
NPUHYOUMENbHYIO BEHMUTAYUIO.

KaroueBnie cnoBa: Onachbie 2asbl, KOHYeHMpayus 2a3a, OMKIIOYeHUs 2a3a, NPUHYOUMETbHAS, 6eHMUIAYUS.

“VARTA?” Gas Detectors — Modern level of Reliability and Quality

Sergei Orlov

LTD TEMIO, Kiev, Ukraine, e-mail: zam temio@ukr.net
Sergei Getmanets

LTD TEMIO, Kiev, Ukraine

Annotation. The TEMIO company is a developer and manufacturer of “BARTA” gas detectors, widely known in Ukraine
and in neighboring countries, designed for automatic control of the content of hazardous and/or toxic gases in the air.
When a concentration of these gases, dangerous to human life and health, appears in the air, the device automatically
turns on the light and sound alarm, turns off the gas supply and/or turns on forced ventilation.

Keywords: Hazardous gases, gas concentration, gas cutoffs, forced ventilation.

Kommnanus «TEMIO» yxe 6onee 20 net siBisieTcs TedenuckaTenu-razocuraausaropel BAPTA 5 a Taxoke
OJTHIM u3 OCHOBHBIX pa3paboTYuKOB u MHOTOKaHAaJbHbIE CHCTEMBl KOHTPOJIS 3ara30BaHHOCTU
nmpou3BoauTeNned B YKpauHe NpUOOPOB KOHTPOIS BO3JYIIHON CpeAbl B3pBIBOONACHBIMH M TOKCUYHBIMU
3ara30BaHHOCTU  BO3AYIIHOM  CpeAbl  TOPIOYHMH, ras3ami - razocuranusaropsl BAPTA-/Tucneruep.
B3pPBIBOONACHBIMU M TOKCHYHBIMHU razamu. Kommanus I'azocurnanmsatopsl BAPTA 2 (puc. 1)
BBINOJTHSET WX MOHTaX, ITyCKOHATAIKYy, TEXHUYECKOE npeJHa3HAYeHbl VISl YCTAHOBKM B KOMMYHAQJIbHO-
CONPOBOKACHHE B nporecce 9KCIITyaTaIin OBITOBBIX, COIIMAIBHBIX, IPON3BOJICTBEHHBIX 00BEKTAX,
(oOcity:)xuBaHUE M PEMOHT IPHUOOPOB U CHCTEM B LIEJIOM) B KOTOPBIX NPH HOPMAJIBHBIX YCIOBHUAX SKCIUTyaTalllu
a TakKe M MOJATOTOBKY CIICIIHATIICTOB, BO3HHKHOBEHHE B3PBIBOOIIACHOM MJTH TOKCUYIHOI Cpebl

Bricokoe kauecTBO razocurHanmzaropoB BAPTA HeB03MOXHO. [Ipnbopsr BAPTA 2 u3rotoBiicHbl B HE
o0ecrieunBaeTcst, B TOM YHCJIE U CHCTEMOM yIIpaBIeHHs B3PbIBO3AIHUINCHHOM MCIOJHEHUH.

KayeCTBOM TNPEANpUATHS, CEePTUGHUIMPOBAHHONH B
COOTBETCTBHUHM C TpeOOBAHUSMHU  MEXIyHAPOIAHBIX
cranmapros SO 9001:2015. g

l'azocurnammzatopsr BAPTA - 310 mpu0opsl, & o
IpeHa3HauCHHbIE b aBTOMAaTUYECKOI0 " o
HETIPEPBIBHOTO KOHTPOJISL COJEPKAHUSI B3PhIBOOIIACHBIX i \\‘m
W/WNA TOKCUYHBIX Ta30B B BO3AYyIIHOHN cpexe. Ilpum
BO3HUKHOBEHMH B aTMoc(epe KOHTPOIUPYEMOH 30HbI
ONIaCHOM i JKM3HM U 370pOBbi  dYeJOBEKa
KOHLICHTPAIlMM 3TUX ra3oB MPHOOPHI aBTOMATUYECKH
BKJIIOYAKOT CBCTO3BYKOBYHO CUTHaJIM3alHo, Puc. 1. O6uwmii Bug razocurHaiau3aTopa
OTKJIIOYAIOT ~ Iojady Tra3a  W/WIM  BKIIOYAIOT BAPTA 2
NPUHYAUTEIbHYIO BEHTWIALMIO, JPyTHUE CpPEACTBa
3AIMTEl M MEPEJAIOT MH(OPMALMIO HA  CHCTEMbI B 3aBucumoctH 0T Moambukanmu mpudopa
KOHTPOILA BRICINETO YPOBHA. IIpeIHa3HAYEHBI JJI KOHTPOJ KOHLUEHTPALUU METaHa
JInneiika razocursanuzatopos BAPTA Bximtouaer umm ponasa (BAPTA 2-01), yrapuoro raza (BAPTA
B ceOs mpudopst BAPTA 2 1 BAPTA 1 Geitooro u 2-02) ¥ OJHOBPEMEHHOrO KOHTPOJI KOHLEHTPAlUH
IPOMBIIUIEHHOTO  Ha3HAu€HUsT  COOTBETCTBEHHO, MeTaHa 1 yraproro rasa (BAPTA 2-03) B Bo3ayxe.
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B razocurnanuzarope BAPTA 2 npexycmoTpena
MHUKPOIIPOIleCCOpHas cucTeMa 00pabOTKH pe3yIbTaToB
W3MEPEHHH 3ara3oBaHHOCTH M CaMOAMArHOCTHKH,
MpeaynpenuTenbHas U TPEBOXKHAs CBETO3BYKOBAs
CUTHAJIM3aIHA, KoTOpast cpabaThIBacT npu
MIPEBBIICHUN JIOIYCTHMBIX KOHLICHTPALIH
KOHTPOJIMPYEMBIX Ta30B M TMpPH BO3HHUKHOBEHUH
HEHCIIPaBHOCTHU IIPUOODA.

IIpu mnpeBblmIeHNN KOHIEHTpPAUWH ONAacHBIX H
TOKCHYHBIX Ta30B JOMYCTHMBIX IIPENENIOB HpUOOp
obecrieunBaeT TakXKe M0Aavy IEKTPUIECKIX CUTHAJIOB
Ha BHEIIHNE UCIIOIHUTEIbHBIE YCTPOMCTBA - OTCEUHBIE
KJIaraHebl, CBETO3BYKOBBIE OTIOBEIIIATENH,
MIPUHYANTENBHYIO BEHTHSIIUIO W APYTHE 3allUTHBIC
YCTpOMICTBA.

BrrtoBeie  razocwrHammzatopel BAPTA 2
OTBEYAIOT TpPeOOBaHMAM TEXHHYECKOro periaMeHTa
3aKOHOJATEIBHO perynupyeMbIX CpPEICTB
U3MEpPUTEIIBHOM  TEXHUKM  YKPauWHbl,  KOTOPBIH
TapMOHH3HUPOBAH C COOTBETCTBYIOIIUMU periaMeHTaMU
EBpocoro3sa.

HomuHanbHbIH TPeBOXKHbII nopor
cpabatbiBaHusi 1Mo MeTaHy wiu mpomaHy — 20%
HKITIPIT*, mo yrapaomy ra3y — 50 ppm**.

I[Io  TtpeboBaHMiO  3aKa3yWka  BO3MOXKHA
HacTpoiika mpubopa Ha JpyrHe 3HAYEHHWsS IOpPOTOB
cpabaTbIBaHUS, B TOM 4YHCIE U 1O 3HAYCHUAM,
yYKa3aHHBIM B cTaHjaprax cepuu EN, npu ycioBuu, 4To
TpeOOBaHMSI 3aKa3yMKa HE BBIXOJAT 32 PaMKH
TpeOOBaHMil HAIIMOHAILHOTO 3aKOHO/1aTEIIbCTRA.

l'azocurnammzatop BAPTA 2 umeer Gosiee uem 14
MO (UKAIHMH, UCTIOJIHEHHUS C PE3€PBHBIM HCTOYHHUKOM
mutanust U ¢ Wi-Fi Momynem, KoTopsiii obecrieunBaet
nepeady “HPOPMAIMU O COCTOSIHUM KOHTPOJINPYEMOH
Cpenbl Ha «0OJIavYHBI) cepBep.

[TpombinureHHsIe razocurHanuzatopsl BAPTA 1
W3TOTaBIMBAIOTCS BO B3PBIBO3AIIMIIEHHOM
WCTIOJTHEHUH U TTPEJHA3HAYEHBI ISl aBTOMaTHIECKOTO U
HETIPEPBIBHOTO KOHTPOJISI B BO3AYIIHOW cCpene 0
B3PBIBOONACHBIX  KOHIIGHTpAnWii TOPIOYMX  W/WIN
6e30MacHO 11 YeIoBeKa KOHIICHTPAILIUH TOKCHIECKUX
ra3os, W/AIn TeMIIepaTypsbI BO3/yXa.
l'azocurnammszaroper BAPTA 1 mnpumensitorcs s
KOHTpOJIL cpelpl B MOMEIIEHUsX, IAe B Ipolecce
MPOU3BOJACTBEHHON  JAEATENIBHOCTH  C  BBICOKOH
BEPOSITHOCTBHIO MOTYT 00pa30BaThCsl B3PHIBOOIIACHBIE U
TOKCHUYECKHUE CPEJIBL.

IIpu npeBbllLIEeHNN TOIyCTUMBIX KOHLEHTpALUil
KOHTPOJINPYEMBIX r'a30B B Bo3ayxe npudop BAPTA 1
obecrieunBaeT BbIJJauyy CBETO3BYKOBOW CHUTHAIIM3AlUH,
Mojadyy 9 IEKTPUYECKUX CUTHAJOB Ha BHEUIHME
HCHOJHUTENBHBIE YCTPOMCTBA — OTCEUHBIEC KIIAllaHBI,
CBETO3BYKOBBIC OIIOBEILATENN, aBapUIHBIE CHPEHBI,
NPUHYIUTENbHYI0 BEHTWISLMIO WM JAPYrHe CpEeAcTBa
3aIIMTHI, @ TAKKe MepenaeT HHPOPMAIMIO Ha CUCTEMBI
KOHTPOJII BBICHIETO YPOBHS WM B «OOJIAKO» C
HCIoIb30BanueM uHTepdeiica RS-485 wmu mo Wi-Fi.
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IIpombinieHHslid razocurHanuzarop BAPTA 1
COCTOHUT u3 Oioxa YIpaBICHUSL (puc.2),
YCTaHaBIMBAEMOIO BO BHE B3PHIBOONACHBIX 30H WIIH
MIOMETICHN I u MOKIIIOYaeMble K 610Ky
B3PBIBO3AMIMIICHHBIX BBIHOCHBIX JaT4MKOB (puc.3),
KOTOpBIE YCTAHABIMBAIOTCSA B MECTAX MJIM IIOMELICHUIX
MNOTCHIHAJIBHO BO3MOXXHOT'O BO3HHUKHOBCHUS
3ara30BaHHOCTH BO3JYIIHOW CPEAbl B3PHIBOOIIACHBIMHU
WM TOKCHYHBIMU Ta3aMu.

Puc. 2. O6uwmii Bux O10ka
ynpasieHus razocuraanmsaropa BAPTA 1-03.24

(£©18] eapa=
i :.—. BAPTA 1.03.24
e BEHIONY(C.H,) QT2
O126 Ex b g um,ce n‘v |
20C ¢ Tamb ¢ sit'c
Yeazal sidupusamy ni
Snovenn aigwepers

O]

Puc. 3. O6muit BUI gaTYMKa Ta30CUTHAIN3ATOpA
BAPTA 1-03.24

B 3aBHCHMOCTH OT MaKCHMAaJbHOI'O KOJIMYECTBA
MOAKIIOYaeMBbIX K OJIOKY yHpaBlICHHS B JIIOOOM
COYCTAHWUU TI0 THUIAM JIATYUKOB TIa30CUTHAIU3ATOP
BAPTA 1 umeer cnenyronie MOaAu(pHUKALIIH:

- BAPTA 1-03 - or 1-ro go 4-Xx aHaJIOroBBIX
MAaTYUKOB METaHa, TMPOMaHa, YrapHOro Ta3a o
TEeMIePaTypHI;

- BAPTA 1-03.14 u BAPTA 1-03.24 - or 1-ro mo
14-u u 10 24-X COOTBETCTBEHHO IM(PPOBHIX TATUNKOB
MeTaHa, MpolaHa, YrapHOTO ra3a, aMMHaKa, TOPIOYNX
ra3oB U TEMIICPATYPHI.

JlaTuuk roproYnx ra3oB MOXKET HACTPAHUBATHCS Ha
METaH, IPOIaH, BOAOPOM, I'ekcaH (mapsl OCH3MHA U
JTU3TOIUIMBA), TTAPBI STHIIOBOTO CITUPTA, OCH30J1, 3TUJICH;

alleTOH,  aleTWICH, JUMETWNGUP ©  Jpyrue
YTIEBOJAOPOIBL.

Jlatuuku ra30CHUrHajIu3aTopoB 2-x
(yHKIMOHATBHBIE —  JAaTYMKH ~ H3MEPSIOT  Kak
KOHLIEHTPALIMIO  KOHTPOJIMPYEMBIX TIa30B, TaKk H

TEMIIEpaTypy OKPYXKaIOIIeH Cpenbl, Mpemynpexaas o
BO3HMKHOBEHHH TI0’)KaPHON OIACHOCTH.
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Hatuuku  rasocurnamuzaropoB  BAPTA 1
OTBEYAIOT BCEM TPEOOBAHUSIM MPHUHATOTO B YKpawHe U
TapMOHHM3UPOBAHHOTO C E€BPONEHCKMM TexXHHYECKHM
pernaMeHToM OO0OpYJOBaHMS M 3aIUTHBIX CHCTEM,
TIpeAHA3HAYCHHBIX JUIs UCTIONIB30BAHMSA B
MIOTEHIMAILHO B3PBIBOONIACHBIX BO3AYIIHBIX CpElax.

JlaTuuku rasa ¥ TemIeparypsl U3rOTaBIHBAIOTCS
BO B3PBHIBO3ALIMIIEHHOM MCIOJHEHUH. MapKupoBKa
JaTYNKOB KOHTposmpyemoro rasa - II 2G Ex db I1IB
T4/H, Gb, 1aT4vKOB TeMITepaTypsl BO3IYIITHON CPEIbI -
11 2G Ex db[ib] 1IB T4/H, Gb.

[TepeHocHBIC BBICOKOTOYHBIC pUOOPEI
NPOMBIIUICHHOTO  HAa3HAYCHUS —  TEUCHCKATellH-
Ta30CUTHAH3aTOPBI BAPTA 5 (puc. 4)
H3TOTaBIMBAIOTCS BO B3PBIBO3AILUIICHHOM

WCIIOJTHEHUH U IPEIHAa3HAYCHBI OIPEeNICHIS B BO3AyXe
KOHIICHTpPALIMd MeTaHa, IIporaHa, OyTaHa, TeKCaHa,
CEpOBOJIOPOA, KUCIOPOa, YyrapHOTo ra3a. B pasHbIx
MOJIEIISAX IIPUOOPOB UCTIONIL3YIOTCS pa3HbIC COUCTAHUS U
KOJINYECTBO KOHTPOJIHPYEMBIX Ta30B.

Puc. 4. O0wmumii Bu TeUEHCKATES
razocurHainzatopa BAPTA 5-03

I[Ipubopsr BAPTA 5 wucnoms3yrores — amns
OTIEpaTUBHOTO KOHTPOJIS 3ara30BaHHOCTH OMACHBIMH U
TOKCHYHBIMHU razaMu BO3JIYIITHOM cpenbl
MPOMBIIICHHBIX 3JaHUH W COOPYXCHHUH, OOBCKTOB
TOIUTMBHO-3HEPIETUYCCKOTO KOMIUICKCa, O€H30- |
ra3o3afpaBOYHBIX CTAHILIUN, BBIABICHUS MECT yTeueK
raza B TOJ3EMHBIX M HAa3eMHbIX TIa30MpOBOJAX,
MIPOBEPKH ra30BOTO 00OPYIOBaHUS, KOHTPOIIS HATHIUS
3ara3oBaHHOCTH BO3AyXa B MpPUSAMKAX, KOTJIOBaHax,
TpaHILEsAX, KOJOAAX, B TOA3EMHBIX KOMMYHHUKALUAX U
JIpYruXx MecTax.

Teueuckarenn BAPTA 5 HMEIOT
JKUIKOKPUCTAIMUCCKUI AMCIUICH IS OTOOpaXKCHHUS
KOHIIEHTPAIIUX KOHTPOJIUPYEMOTO rasa, a Takyke Ipyrou
HE00X0AUMOM HHPOPMALTUH.

HpI/I MPCBLIICHUN KOHIICHTpalun
KOHTPOJIMPYEMBIX T'a30B B BO3AYyX€ HHWIXHETO IOpora
YYBCTBUTCIBHOCTH TCUYCUCKATCIIb obecrieynBaer

BbIJIauy aJIaliTUBHOM (IL[eTYKaMK) CUTHAIM3ALNH, a TIPU
MIPEBBIIEHNH JOIYCTUMBIX 3HAU€HUH OOBEMHOW I0JN
3TUX ra3oB B BO3AYILIHOW cpeie — Bblady TPEBOKHOM
3BYKOBOH CHUTHAJIM3ALIUH.
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Teuenckarenn - razocurHanmzatopsl BAPTA 5
HMEIOT CIeIyIomue MO (pUKaIHH:

- BAPTA 5-02C — Teuenckarens Ha yrapHbIA
ra3, IpuOop MHANBH/IYaIbHOHN 3aIIUTHI,

- BAPTA 5-03, BAPTA 5-03M — teuenckarenu
Ha MeTtaH, mopor dyBcrtBuTenbHOCTH 0,005% 00. u
0,001% 06. COOTBETCTBEHHO;

- BAPTA 5-03M.18 — TedenckaTens Ha METaH U
mpormaH ¢ moporoMm uyscrButenbHOocTH 0,001% 00.
HOBOTO TOKOJICHHSI, UIMEIOIIH Oosiee MH(POPMaTHBHBIN
uHTepdeiic Mo CpaBHEHHIO C TEUYEHCKATEISIMUA JPYTHX
MO UKATIHIH;

- BAPTA 5-03MG — Teueuckarenb Ha METaH U
mponal, umeromuil BcTpoeHHbII GPS-Tpekkep, ¢
noporom uysctBuTenbHOCTH 0,001% 00. Iloakmouenne
TEYEHCKaTeNss K  KOMIIBIOTEPY, Ha  KOTOPBIH
yCTaHaBIMBAETCA CrHenuanbHoe MPOrpaMMHOE
NPUIIOKEHHUE, TO3BOJIIET 0TOOpaXkaTh Ha KapTe 00beKTa
WM MECTHOCTH TOYKH IPOBEACHHS HU3MEPEHUN U HX
pe3ysbTaThl, co3/iaBarh 0a3bl JAHHBIX H3MEPEHUI,
00BEKTUBHO KOHTPOJIMPOBATH JEHCTBUS Oomeparopa Ha
MapipyTe 00Xo/a,;

- BAPTA 5-04 — Tteueuckareiahb Ha MeTaH,
poraH, OyTaH M TeKCaH,;

BAPTA 5-05 u BAPTA 5-05L — 510 KXOMITakTHBIC
mpuOOpsl  WHIWBHAYAIBHOH 3allUTBl Ha MeETaH,
CEPOBOAOPOJ, KUCIOPOA U yrapHblii ra3. Teuenckarenu
B OCHOBHOM TNpEAHAa3HA4YECHBl IS OOHApy>KCHUS
3ara3oBaHHOCTH BO3JYLIHOW CpeAbl OMacHBIMH U

TOKCHYHBIMH rasamMu B CMOTPOBBIX KoJioanmax
BOJOIIPOBOJAHBIX, KaHaAJIU3alluOHHBbIX,
TeHJ'IO(i)I/IKaHI/IOHHLIX, Teﬂeq)OHHLIX u ApyTux

WH)XCHEPHBIX CETeH, MpUsAMKax, TOHHEISAX W Mpod.,
rmarrepHax ¥ B KaMepax C B3pHIBOONIACHOW WIIU
TOKCUYHOM Cpesioi;

Teuenckatene BAPTA 5-05 (puc.5) cnHabxen
CBETOJMOJHON HWHAMKAMEH Hamu4yusi B BO3AYLIHOH
cpelle KOHTPOJIHPYEMOTO Ta3a W MpeOHAa3HA4YCH It
obecrieueHus 3aITATHI TepcoHana pabounx
CHenuanbHOCTEMN.

Teueuckarens BAPTA 5-05L umeer XKK-nucnneit
JUIS  OJHOBPEMEHHOro  HU(GPOBOrO0  OTOOpaXKCHHUS
KOHICHTpauusd BCEX KOHTPOJHUPYEMBIX Tra30B B
BO3/YIIHOI cpesie MecTa pador.

IMpubop BAPTA 5-05L mnpennaszHayeH Juis
MacTepoB U PYKOBOAMTENCH pabdoOT B 3aMKHYTHIX
MIPOCTPAHCTBAX.

BAPTA 5-07 — Teuenckarenb Ha MeETaH C
¢yHKIMER pacrio3HaBaHHA ‘“‘O0NOTHOTO Ta3za” (MeTaHa
TIPUPOTHOTO MpoucxoxaeHus). Ilpnbop npegHazHavyeH
CHENHANBHO UL TIOMCKAa TEYM Ta3a B ITOJ3EMHBIX
ra3omnpoBO/Iax. Meron oTbopa mpo0o -
MPUHYIUTENBHBIA ~ C  TIOMOIIBIO  BCTPOEHHOTO
Komnpeccopa. Jluama3zoH wu3MepeHUN KOHIUEHTpaluu
KoHTposupyemoro rasza ot 0 1o 100% o0.
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Teuenckarenu- razocurHanuzaropsl BAPTA 5
(kpome Teuemckarens BAPTA  5-02C) wumerot
CIIEYIOIIIE UCTIOTHEHS .

- ¢ THOKuM 30HA0M mIuHOW 0,43 M, B TOJIOBKE
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- o o . o o o o
MBDWED WSO WIS® WD wBD tazay
Twe.

=

= ®1

reco-2 I | parenc e Bpensn,
|} M= =

2 14 3

| cursors: ix v
E T

Puc. 6 Untepodeiic «/leTanbHOe COCTOSHHUE AaTIHKAY»
razocurnanuzaropa BAPTA Jlucneruep

- CO CTaHJApTHBIM 30HJOM anuHoi 0,78 M, Ha
KOHIIE  KOTOpOTO  pa3MellaeTcsi CeHcop  Tasa,
COCIIMHSCMBII ¢ OJOKOM yTIpaBIICHHs KaOeleM JITHHON
1,7 m;

- C TEJECKONUYECKUM JIep)KaTeleM 30HAa C

CCHCOpOM ra3a, KOTOpPBIi COeAMHEH ¢ OJOKOM
ynpasienus bBY kabemem mimHOM 2,5 M.

Bce wmommpuxamum npubopoB BAPTA 5
CHAOXXEHbl AaHTHUCTATHYECKHUM 4YEXJIOM MU 3apsAIHbIM

ycTporicTBOM. [t paboThI B yCIOBUSAX HEAOCTATOUHON
OCBEIICHHOCTU TeYeucKaTeau umeroT noacserky JKK-
JucIest.

Teuenckarenu BAPTA 5 orBevaror TpeOoBaHMSIM
TexHnueckoro perimameHTa 3aKOHOJATEIbHO
PEryJIUpPYyEeMBIX CPEICTB H3MEPUTENbHON TEXHUKHU
Ykpannbl U TeXHUUECKOTO periiaMeHTa 000pyIOBaHUS

W BallUTHBIX CHCTEM, IpefHa3sHAYEeHHBIX  JUIS
WCIIONIb30BAHUSI B TOTEHIMAIBHO B3PBIBOONACHBIX
cpenax. [Tpubopsr N3rOTaBINBAIOTCS B

B3PBIBOOE30IIACHOM HCTIOTHEHUH 1 UMEIOT MapKUPOBKY
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I 2G Ex ib 1IB T4 Gb (xpome Teuenckarens BAPTA 5-
02C).

MHorokananbHble TazocurHanuzaropsl BAPTA
Jucnerdep WMEIOT Takoe K€ Ha3HAuUCHHE U
TEXHUYECKHE XapaKTEePUCTHKH, 91O "
razocurnanuzatopst BAPTA 1-03.24.

[MpuHuMNManpHEIM OTIIMUMEM NpudbopoB BAPTA
Jducneruep sBIsSeTCS 3HAYMTENIBHOE pPaCIIUpEHUE
(YHKIIMOHAJIBHBIX BO3MOKHOCTEH I'a30CHIHAIN3aTOPOB
BAPTA 1-03.14.

OyHknun  Onoka  ynpaBieHusT  paOOTHl B
razocurnanuzatopax « BAPTA Jlucnieruep» BbINOIHIET
MIePCOHABHBIA KOMIBIOTED MM KOHTPOJIEPHI THIIA
EX9188, ICP — 8000; NuDAM — 6000; ADAM — 5000.
Jns obecriedeHUs] yIpaBiICHHS Ta30CUTHAIN3aTOpa
paspaboran maket nporpamm «BAPTA [ucmietaepy.

Ucnonp3oBanne wuHTepdeiica RS-485  mna
noinyueHuss UWH(pOpManMK O 3ara3oBaHHOCTH |
TeMIepaType BO3AyXa IO3BOJISIET MOAKIIOYATh K
KOMITbIOTEpY A0 216 UUQpOBHIX AAaTYMKOB raza H
TEMITepaTyphbl, 4TO YBEJIMYHBACT TUTOIIAb
MOHUTOPUHIa  3ara3oBaHHOCTH W TEMIIEepaTyphl
BO3/YIIHO Cpe/ibl 00bEKTa, IJIOIAAb KOTOPOTO MOXKET
cocTaBysTh 10 50 000 M2,

lNasocurnamuszatopsr BAPTA Jlucmerdep naroT
BO3MOXKHOCTh OIEpaTopy IOIy4aThb B JOCTYITHOM H
WHTYUTHBHO  TOHATHOM  Buae  (puc.6)  BCIO
HEOOXOAMMYI HH(POPMALUIO IO 3ara30BaHHOCTH U
TeMIlepaType BO3AyXa B PaziIM4YHBIX TOYKaX OOBEKTa,
YTO TI03BOJISIET HENPEPHIBHO KOHTPOJIMPOBATh U
yOpaBsATh  CUTyalied, a [pud BO3HUKHOBEHUH
aBapMHHON CHTYaIlMM CBOEBPEMEHHO NPHHUMATH MEPEI
T10 TIPETOTBPAILIECHHIO €€ Pa3BUTHSL.

OCOOEHHOCTBIO MOHTaXa JaTYNKOB ra3a W
TeMIepaTyphl Ha IIPOMBIIIUICHHBIX 00BEKTaX, 0COOEHHO
JEUCTBYIOIINX, SIBISIETCS BBICOKAsh CTOMMOCTh U
CIIOKHOCTh TIPOKJIAAKH Kalenmed maist COeIMHEHUS
JAaTYUKOB ¢  OJOKOM  ympaBicHHs  Opubopa,
HaXO/JISIIIErocs: Ha OOJIBIIIOM yIaJICHHH.

Jiss  CHWKEHHST  CTOMMOCTH U BpPEMEHH
00yCTpOHCTBAa CHCTEMBI KOHTPOJS 3ara30BaHHOCTH
MIPOMBIIUICHHBIMU ra30CHrHaJIN3aToOpaMH
pa3pabaThIBAlOTCSl BapHAHTHI CO3AaHUsI OECIIPOBOAHON
nokanpHOW cetm WLAN, Bkmouaromied B ceOst
pacIioNoKEHHbIE B Pa3HBIX TOYKAaX OOBEKTAa NAaTYUKU
rasa W/WIM TeMmeparypsl W OJOK yNpaBICHUS
razocurnanuzaropa. becnipoBognas nokansHass WLAN
CETh MOXKET OBITh TPAHCIIMPOBAHA IO BCEH TUTOIIAIH KaK
OTHOCHTENFHO HEeOOJbIINX, TAaK U KPYIHBIX 00BHEKTOB
MIPOMBIIIUIEHHOTO Ha3HAYCHHS.

Juiss  moctpoeHust OeCHpOBOIHBIX  JIOKAIBHBIX
cereil HanboJIee pacpoCTpaHeHa CeTeBast TEXHOJIOTHS
Wi-Fi. DTa TexHonmorusi obecrneynBaeT HEOOXOIMMOE
Ui CTaOMIIbHOU u HaJEKHON paboTsI
ra30CHI'HAIN3aTOPOB  MOKPHITHE  TMOMENIEHHH U
BO3MOXKHOCTb J00aBJIEHHS B CETH JOIOJHUTEIBHBIX
TOYEK JOCTYyIa.
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OnmHNM M3 YCIOBHH YCHENIHOTO MpPOJBIKCHUS
razoaHanmzaTopoB BAPTA Ha priHOK 1 pocTa o0beMa
MIPOJIAX SIBIISICTCSl HauOoJee IOJIHOE YAOBICTBOPCHHE
3ampocoB M HOXKeTaHui morpeduteneit. g nx anammza
MIPUMEHSAIOTCS TaK Ha3bIBaeMble 00IavTHbIE TEXHOIOTHI
(cloud computing), maromre BO3MOKHOCTH 00pabOTKH
JaHHBIX O IIOJB30BATEISX, COOJIOACHUU TpPaBHII
9KCIUTyaTalllK, OTKa3ax B paboTe ra30CUTrHAIM3aTOPOB,
B KOTOPBIX KOMIIBIOTEPHBIE PECYPCHI IPEIOCTABISIOTCS

npousBoautento — kommaHnun «TEMHO»  kak
HHTEpHET-CEPBUC.
[IpomseimieHHble, OBITOBBIE ©  TIEPSHOCHBIE

razocurnanuzatopel BAPTA He ycTynaioT mo cBouM
TEXHHYECKAM XapaKTePUCTHKaM JYUIINM MHPOBBIM

agamoram. bomee  yem  20-MeTHAA ~— TpaKTHKa
SKCIUTyaTalun ra30CUTHAIN3aTOPOB BAPTA
MOATBEpANIIa UX BBICOKOEC KAa4Y€CTBO W HAJACKHOCTD,
obOecrieunBacMble  CEpTUGHUIIMPOBAHHON  CHCTEMOM

ynpaBieHus kadyectsoM. IIpubopsr BAPTA BHeceHBI B
l'ocynapcTBeHHBIE  peecTppl  CPEICTB  U3MEPEHUs
VYkpaunsl, Poccuu, MongoBbl, IMEIOT pa3pelieHus Ha
NpUMEHEHHE U TapaHTUHHBIA CPOK AKCIUTyaTaluu 3
roja.

Jlurepartypa

1. Curnammsatop BAPTA. Texunueckue yCiIoBHs-
TY VY23 161 579.002-2001.

2. 2. Curnanuszarop BAPTA . PykoBojcTBO 110
skciuryatauun-MUTEM 41712, 002.P3.

3. 3. Curnanuzaropst BAPTA 2. UuHcrpykius no
MoHTaxy-ITEM 411712. 002. UM
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l'azocurnanmuzaropst  «BAPTA»  mo3BossioT
MIPEAYNPEIUTh PA3BUTHE aBAPUHHBIX CUTyaluil ImyTemM
peeHns cAeayIomuX 3a/1a:

e ABTOMAaTHYECKHH HETPEPHIBHBI MOHUTOPHHT
KOHLIEHTPALUH B3PHIBOOMACHBIX W/MIM TOKCHYHBIX
ra3oB B BO3JYIIHOMW cpeje.

° CeeToBasg u 3BYKOBasg CUTrHajIu3anus o
3ara30BaHHOCTH, BKJIIOYCHHE CPEJICTB 3allUThl U
nepefaya MHGOpPMANMM HA CHUCTEMBl  KOHTPOJIS
BBICILIETO YPOBHS.

e B03MOXHOCTb ONEPATUBHOIO OTCIEKUBAHUS
JVUHAMHMKA WM3MEHEHWI 3ara3oBaHHOCTH BO3AyXa B
peanabHOM MaciiTabe BpeMeHH.

e (CBOeBpeMEHHOE BBISBICHHE NPUYNH M MeCTa
BO3MOYKHOI'O BO3HUKHOBEHMSI aBapUMHBIX CHUTYyalUil,
BBI3BAHHBIX 3ara30BaHHOCTHIO BO3AYIIHOW Cpenbl, U
MIPEAYNPEKACHUE X Pa3BUTHSL.

e MuHumu3anusa 3aTpaT Ha OOYyCTpONCTBO
CHUCTEMbI KOHTPOJIA 3ara30BaHHOCTH BOSZ[yHIHOﬁ Cpe€anl
00BEKTOB U €€ HKCILTYaTaIHIo.
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Arithmométre électrigue pour faire directement les multiplications et
divisions.

M. Grosces NICOLADZE résidant en Franee (Seine).

Demandé le 23 janvier 1828, & 18" 49, a Parls,
Déliveé le 6 aofit 128, — Publi¢ le 30 novembre 1928

la plupart des machines arithmétique pondant an produit du multiplicande par
récentos ne font que des additions ou des | chacun des chiffres du multiplicateur, si par
soustractions, opérations que l'on répéte | exemple on veut multiplier 539 par 48, la

pour faire des multiplications ou des divi- | machine @ multiplier composera sur In ma- 35
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Annotation. Modern power supply and lighting systems in cities are characterized by low operating efficiency. It is
largely due to the low quality of electrical energy and insufficient compensation of reactive power in them. Unfortunately,
the existing methods and technical means based on them cannot fully solve this problem. The studies carried out made it
possible to clarify the nature of the processes in power supply systems and determine the methods and technical means
based on the Smart-Grid concept. They are based on the use of phase-shifting booster transformers with an electronic
control system. Their use made it possible to provide the possibility of complex control of the voltage modes of active and
reactive power with the possibility of installation at any point in the network and centralized control from a single center.
The calculations show that the use of the developed methods and technical means provides an opportunity to reduce
power losses in networks by 10-15% and energy losses among consumers by 50-75%.

Keywords: smart-grid technology, electricity transmission, power supply, efficiency, electrical energy.

Introduction. Modern power supply systems are
complex geographically distributed systems, which, in
turn, are part of higher-level systems - electric power
systems or their various subsystem levels. They have
common elements with them (supply and distribution
networks of high and medium voltage), as well as power
supplies and means of regulation and control. This
makes them mutually influencing and interdependent,
requires the use of methods and technical means of
control, adapted to the parameters and modes of urban
energy systems. To control the modes of electrical
networks, mainly methods and technical means based on
discrete, mainly manual control are used. However,
more and more human-machine automated systems are
being used. They have a more flexible structure and
advanced functions, moreover, in recent years there has
been a rethinking of the problem of automation and
instead of optimizing individual functions and
processes, | increasingly consider the processes in a
complex, with a systematic approach to solving the
problem as a whole.

Analysis of the state of the matter. Therefore, a further
increase in the requirements for the efficiency of energy
production dictates the need for comprehensive
automation of technological processes in power supply
systems due to the automation of processes at the level
of transformation of parameters and the type of
electricity. At the same time, the spatial and hourly
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distribution of processes in power supply systems in
combination with discrete manual control makes the
solution of this problem quite difficult. In these
conditions, a systematic approach opens up wide
opportunities, which allows the power supply systems to
be divided into separate interconnected elements that
interact to achieve the set global goal. Its application
makes it possible to combine electrical networks into a
single flexible geoinformation control system of an
intelligent type, optimization of modes which opens up
opportunities for using huge reserves, for the rational
use of material and energy resources.

Research methods. As the basis for the construction of
such systems, multilevel hierarchical distributed
structures are considered, the effectiveness of which has
been confirmed by practice. In such structures, the
functions of higher coordination and organizational
management, in general, are performed by the upper
level of the hierarchy. In the power supply systems of
the power association control system.

As an element of the power system, the power supply
system, together with other consumers connected to the
power center, form it and the resulting load schedule, as
well as the laws of voltage regulation and reactive power
compensation. Optimization of the complex operation
requires coordinated management of the operating
modes of all consumers using a set of local and global
criteria. On the basis of local criteria, optimal conditions
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for the operation of individual local objects are
provided, and through global criteria, the conditions for
the operation of the system as a whole. At the same time,
in the event of a conflict situation, priority is given to the
global criterion. The presence of these features
necessitates the use of system control of modes in power
supply systems of multilevel multicriteria control
systems built on a multi-loop hierarchical principle.
Decision-making processes in such systems have a wide
range - from very short management actions to planning
processes for a long period. For these reasons, in the
systems under consideration, there are differences in the
duration of cycles, criteria and control parameters at
different territorial and hourly levels.

Analysis of the functional tasks of power supply systems
indicates the possibility of integrating their control
systems into the systems of energy complexes.
However, as evidenced by the results of the analysis, a
simple transfer of the ideology of constructing control
means for energy systems at higher levels cannot be
applied to power supply systems due to the operational,
technological and socio-economic characteristics of
power supply systems.

The problems of controlling the modes of power supply
systems include the lack of a sufficient number of
control channels. This is a small number of telephone
channels of communication with individual distribution
substations or transformer substations, focused on
performing simple functions of discrete control. In some
cases, VHF or GSM communication channels are used
in a limited frequency range. It should also be noted that
there are no continuous control systems for 0.4-10 kV
facilities.

To the MCC

to the adjacent CC {——p| {—— totheadjacent CC

S5 610KV
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Fig. 1. Topology of the control system
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The use of the considered basic approaches in
combination with the standardization of the elements of
the control system makes it possible to use the
hierarchical integrated principle of constructing a
control system, which provides the possibility of
unifying the elements and modifying its software. at the
same time, the use of microprocessor tools and computer
technology makes it possible to automate not only
technological processes, but also the processes of
processing and storing information.

To build such systems, it is necessary to solve three main
problems:

- selection of a rational structure of a flexible system that
ensures the performance of the necessary functions with
specified quality indicators;

- selection of the structure of the control system, which
ensures the optimization of the number of connections
and the number of control points;

- development of an algorithm for the functioning of the
control system, which ensures the achievement of the
specified numerical characteristics.

The developed concept of control over the modes of
power supply systems is based on a hierarchical
multilevel aggregated structure. At the lower levels, the
control system is represented by a large number of local
systems, which are characterized by relative
independence of functioning, adapted for use in the
nodes of network loads. For them, the most effective is
the stabilization of the parameters of the technological
process. The structure of such control systems has a
distributed character. Figure 2. Its active elements,
which carry out the correction of the mode parameters,
as close as possible to the control objects. ideally, they
are installed directly at the load nodes of the networks.
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Functional decomposition of the network management system

O ® (= o
A Py Py 1
© () OO
i I [
TLoad node of DN
b)

Fig. 2. Decomposition of the network management
system: a) structural; b) functional
Decomposition of the network management system: a)
structural; b) functional; C - collection and processing of
information; R - regulation; L - logical control; M -
manual input and display of information; T -
transmission of information; Pr-processor; IOM - input-
output module; OC - object controller; DTM - data

transmission multiplexer.

Results. In the considered control system, a number of
sequential decision-making levels are distinguished, at
each of which the information is processed, which
comes from the elements of the lower level. Their goal
is to develop coordinating actions for the elements of
this level. The point of allocation of decision-making
levels is made in accordance with the vertical
decomposition of the control system. Based on the
results of modeling the modes and in accordance with
[7], the following control levels have been identified in
power supply systems: control point, transforming
substation, distribution substation, 35-110 kV substation
and power supply systems in general. Each of them has
its own duration, criteria and control parameters. The
allocation of functional tasks, the solution of which is
not related to other tasks of this level, corresponds to the
horizontal decomposition of the control system. The
horizontal decomposition of the lower levels of the
control system corresponds to the allocation of local
control systems, which can be controlled in an
autonomous mode. The number of local control systems
is determined by the structure of the networks, the
technical content and the territorial location of its
elements. The functioning of local systems is
determined by the control algorithm, which
characterizes the sequence of operations and the
transformation of an input signal into an output signal.
At the same time, information transformation operations
that are established can be considered as algorithmic
functions, which are a kind of modules from which a
control algorithm can be added. First of all, this applies
to typical elements. Those that perform certain
algorithmic functions. The signs of the typification of
the control system of its elements can be their
orientation, information power, target orientation, and
so on. In the work, for the typification of control systems
and its elements, an objectively oriented feature was
adopted, which provides the possibility of static analysis
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and forecasting of the development of the distribution
network control system, the management of individual
objects, as well as the most accurate state of the list of
necessary algorithmic functions, to assess the
composition of the control system parameters, to
formulate the basic requirements to technical means. In
these conditions, the concept of a typical control system
is reduced to a typical functional structure of a control
system, which can be represented by a display:

F:XXf-Y, 1)
where F is a set of algorithmic functions.

Control block “A”
=

A
I_E “1FCD

Fig. 3. An active element based on a phase-switched
booster transformer:
a) connection diagram, b) vector diagram

The considered general regularities of the functioning of
control systems determine the basic requirements for the
algorithms for the functioning of local control systems.
Further detailing of the algorithm for the functioning of
the control system can be performed using their contour
decomposition, which is based on the presence in the
local control system of several nodes for collecting and
processing information, connected in a certain way by
active elements. At the same time, decision-making in
the developed control system is based on a multilayer
principle, according to which a complex control
problem is divided into a family of sequentially related
more substantive problems. The decision making in
each previous layer forms the basis for the decision in
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the subsequent layer. Solving a problem, in general, is a
consistent solution to its constituent problems. This
corresponds to the temporal distribution of the operation
to control the parameters of the network mode. In this
case, the information nodes carry out a cyclical
exchange of information between the load nodes and
active elements. Each cycle uses additional information
that is obtained over longer time intervals. As such,
signals from active elements, all sorts of static data, and
S0 on are used.

Conclusion. In general, the proposed concept of
controlling the modes of power supply systems makes it
possible to take into account their features associated
with taking into account adjacent power supply systems.
In such conditions, taking into account the noted
features makes it necessary to separate the power supply
systems into an independent smart-grid city life support
system. It includes an electric power system, power
supply systems, representing a set of power plants with
a control system, built on the basis of the smart-grid
concept, as an integral part of the city's life support
system.

The application of the considered basic provisions
allows us to return to the main goal of creating technical
systems - to meet the human demand for a comfortable
living environment as a means of human life support.
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AHHOTALMS. B pabome npogeden ananu3z pasiuiHbix n00X0008 K MOOEIUPOSAHUIO CYMOUHBIX SPAPUKO8 INeKMPULECKOlL
HA2PpY3KU U NPeosiodHceH Menmoo YCOBEPUEHCINBOBAHUS NOBEOCHUECKOU MOOeIU HAZPY3KU OblMOGbIX nompebumeneil muna
«CHU3Y-68epx». B ocHogy memooa nonodceno ycpeoHeHue C2eHepUpOSAHHLIX CIYYAUHLIX 2PAPUKO8 HAepysKu OnA
300aHHO020 MUNA OOMOXO3AUCME 8 OnpedeneHHblll 0eHb 200a. YcpeOHeHUue NpPo8oOUMCsA NO muny OHA Hedelu U
NPOOONIAHCUMENLHOCIU c8em06020 OHA. Ilocmpoenvl moodeau 01 08YX MUNO8 OOMOXO3AUCMS, KOMOpble MOUHee
nepeoaiom cnopaouyeckux Xapaxmep nompeoneHus npocbioMepos no CPAGHEHUI0 ¢ MUNOBLIMU SPAPUKAMU HAZPYIKU.
KiroueBble cJI0Ba: 6b1mogoe snekmponompedienue, MoOeauposanue Hazpy3ku, npocviomep.
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Annotation. The paper analyses various approaches to modelling electrical daily load profiles and proposes a method
for improving the bottom-up behavioural model of the household load. The method is based on averaging of the generated
random load profiles for a given type of household on a certain day of the year. Averaging is carried out according to
the type of day of the week and the length of daylight. Models were built for two types of households, which more
accurately represent the sporadic nature of prosumers consumption compared to typical load profiles.

Keywords: household consumption, load modelling, prosumer.

BBenenne. B mocnenHee necaThieTHE 3agava
yTpaBieHus] paboTOH PacTyIIEero 4nciia BOJTATHIBHBIX
BO300HOBIISIEMBIX HCTOYHHKOB JSHEPTHH, TaKUX Kak
¢doroanextpuueckue cuctembl  (DPIC), a TakKke
Pa3BHBAIOIIMMCS PE3KO MEPEeMEHHBIM CIIPOCOM  Ha
JJIEKTPOIHEPTUI0  CO  CTOPOHBI ~ TaKUX  HOBBIX
noTpeduTene, Kak AIIEKTPOMOOHIIH u
WHIMBHyalbHble CUCTEMbl XpaHEHHs SHEpPTUH, cTana
0coOEeHHO akTyanmpHOW. Pemrenuto »TOM 3amaum
MOCBSIICHBl MHOTHE HCCIEAOBAHUS C Pa3IMYHBIMU
noaxoxamu [1], aHanM3 KOTOPBIX MOKa3bIBACT, YTO
OBITOBOE TIOTPEOJICHIE M TeHEPaIUs SHEPTUN B JKAIIOM
CEKTOpE BCE €III€ OCTAIOTCA HEAOCTATOUHO H3yUYCHHBIMHU
1 TUIOXO YTIPABIISIEMBIMH ITPOLIECCAMH B SHEPIOCHCTEME.
I[Ipy  3TOM  JHEProCHUCTEMBI  CTAJIKUBAIOTCS  C
MOSIBJICHMEM HOBOT'O y4YacTHHKa — MPOCHIOMEPOB, T.C.

OBITOBBIX ~ AOOHEHTOB, CIIOCOOHBIX HE  TOJBKO
HOTPeOIATh, HO ¥ TEHEPUPOBAThH SHEPTHIO.

B omimume OT NPOMBIIUIEHHOCTH, CEIbCKOTO
XO3MMCTBA W  TPaHCIOPTa, CEKTOp  OBITOBOIO
JIEKTPOIIOTPEONICHNST  XapaKTEepU3yeTcst  HaMHOTO
OoJIbIIMM  pa3HOOOpasveM BIMAIOIUX (DAKTOPOB H
BHYTpPEHHHX ocobeHHocredl. [lommmo — kimMara,
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(M3MYECKHX XapaKTePUCTHK XKHIbS M HCIOJIB3YEMbIX
AIEKTPONIPHOOPOB Ha OBITOBOE MOTPEOJICHHE SYHEPTHU
pemraroniM 06pa3oM BIHSIET TOBeneHue mromei [2].
Ot e (PAKTOPHI BIUSIOT U Ha MOII[HOCTh, OT/aBAEMYFO
B CETh OT MHAUBUAYAIBHBIX KPHIITHBIX DIC.

TpanumonHsie METOJIBI MO/ICTTUPOBAHHUS
MOTPEeOUTENST SHEPTUH ONMHUPAIOTCS HA JaHHBIE O BCEX
UMEIOLIMXCS Yy HEro OJJIEKTPONPHUEMHUKAX WIH O
mpeapicTopur ero obmero »HepronoTpebnenus. Ilo
HUM pacCUMTBHIBACTCS WJIM MPOTHO3UpyeTcs Oymyriee
MoTpebIeHne SHEPruu. DTH METOJbl MMEIOT pPa3HbIe
CHJIbHBIC M ciTabble CTOPOHBI, a TAaKXKe BO3MOXKHOCTH
MPUMEHEHHs, OJHAKO BCE OHU TPEOYIOT OONBIIOTO
o0beMa TOYHBIX M JCTAIM3HPOBAHHBIX JAHHBIX O
norpeburene. B ciyuae JOMOXO3SICTB COOp TakHUX
JaHHBIX 3aTPYJAHCH KaK OOJIBIIINM HX KOJIMYCCTBOM, TaK
U TpeOOBaHMSAMH  KOHPHICHIMAJIBHOCTH. A ¢
IIOABJIICHUEM TaKHWX HOBBIX TUIIOB l'lOTpe6I/ITeJ'leI‘/II, KaxKk
3HeKTpOMO6I/IHI/I n JOMalHUE CUCTCMbI XpaHCHUA
OHEPIruu, HpOGHeMLI CBA3aHbl W C OTCYTCTBUEM
JIOCTaTOYHO TJIyOOKOW NpEeNbICTOPUHU JaHHBIX 00 MX
Harpyske.
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B cBs13u ¢ aTHIM AKTYaJIbHBIM CTAHOBUTCS Pa3BUTHUE

METO/IOB ~ MOJCIMPOBAaHHMs  HAarpy3kd  OBITOBBIX
MoTpeOuTeNeld W TPOCBIOMEPOB, CIIOCOOHBIX TOYHO
mepenaBatb  O0COOEHHOCTEW TpauKOB  HArpy3KH

CYIIECTBYIOIMX MOTpeOUTENEH M HOBBIX, HEJABHO
MOJKITIOUUBIIHNXCS K YHEPTOCUCTEME.

Mertoabl moaeJupoBaHus. B 1nenom MeTonsl
MOJICTIMPOBaHUSI OBITOBOTO TMOTPEOJICHUS] DHEPTUH
MOXXHO pa3JelUTh Ha JIB€ KaTerOpHH, YCJIOBHO
0003HaUaeMble: «CBEpXy BHH3» M «CHH3Y-BBepx» [3]. B
MOJIENAX THUMA «CBEPXY BHM3» HCIOJIb3YETCS OLIEHKa
o0Imero moTpedNeHnsT SHEPIHMH B JKUIOM CEKTOpe
SHEPrOCUCTEMBl CTPaHBl WM pETHOHa, KOTopas ¢
yJacTHEM JOTIOTHUTEIBHBIX apamMeTpoB
mpeobpa3yercss B JaHHBIE O IOTPEOJICHHH SHEPIHU
KOHKPETHBIM ~ OBITOBBEIM  moTpeduteneM. B HEX
OTHOCHTEJIFHO JIETKO MOTYT YYHTHIBATHCSI M3MEHEHUE
TaKUX MaKpO3KOHOMUYECKUX IIOKa3aTenel, Kak IieHa Ha
SHEPIHIO U I0XOJIBI KUTENEH, a TaKOKe TEMITbl Pa3BUTHS
TEXHOJIOTUM M HW3MEHEeHue KiauMara. Mopenu Tuma
«CHHU3Y-BBEPX», HaIpOTHUB, ONHCHIBAIOT
9HEPronoTpedIeHne OTIENbHBIX IOTpPEeOHuTeNIeH WIn
KWJIBIX JIOMOB, a 3aTeéM OKCTPANOJIMPYIOT OTH
pe3yiIbTaThl Ha ypOBEHb TOPOJa, PETMOHa WM CTPaHBI
[4]. Takme Monenu OMUPAIOTCS HA MPEABICTOPHIO
moTpeOIeHne SHEPTHH.

SIpkuM DpUMEpOM MOAENEH TUIA «CBEPXY BHU3»
SIBIISTFOTCS] TUIIOBBIEC TPa(UKK IIEKTPUUECKOI HAarpy3Ku
[5,6]. O6BI4HO OHU CTPOSATCS MO JAHHBIM PEKHUMHOTO
JTHSI WJTH TI0 YCPEAHEHHBIM JaHHBIM PElpe3eHTaTUBHBIX
norpeburencit. K stomy Tumy Momeneld OTHOCHTCS
MOJIeNIb Harpy3KH IOTPEeOHTENsA-IPOChIOMEpa, paHee
WCIIONIb30BaHHAass HamMu B [/] Uil MOZAEIMPOBaHHUS
paboThl CMapT-CUCTEMBI KOTTEPKHOTO TMOCENKa C
kpoimHbME DOC.

OpHako Takye MOJENH THUIIA KCBEPXY BHU3)» MOTYT
ObiTb u Oonee cnoxueiMu. Hampumep, B CIHA
«HanmonaneHas cucrema MOJICTTMPOBAHHUS
SHEPTETHKN» TSI CPETHECPOUHOTO MPOTHO3UPOBAHUS 1
aHaM3a  JHEPreTHYEeCKOM  TOJUTHKH,  BKIIOYAeT
SKOHOMETPHUYECKYI0 MOJeNb TOTPEOICHHs JHEPruu
KITAIHBIM (oHmoM [6]. DTa MOJETb yUUTHIBACT MApPK
OBITOBOI TEXHUKH, COCTOSIHUE HAPy>KHBIX OTPaXKICHUM
3M1aHUM U pa3BUTUE paclpesieIeHHOW TeHepaliu.
KommoHneHT napka OBITOBOW TEXHUKH OIIEHHBAET CPOK

cnyx0bl M HacelieHHOCTs e [8]. KommoneHt
pacnpelieeHHONM TIeHepaluyd OLIEHUBAE€T CTOMMOCTb
DOC, 1704 MIPOU3BOIUTEIBLHOCTD " CTEICHb
pacmpocTpaHeHHs.

OpmHako, HECMOTpPS Ha TO, YTO MOJIENH THIIA
«CBEpPXy BHH3» XOpOIIO ONWCHIBAIOT  BIIMSHUE
MaKpOIepEeMEHHBIX Ha obiiee H3MEHEHHE

3JIEKTPONOTPEOICHNUS, OHI a0CTParupyroTCs OT AeTanei
BHYTPUCYTOYHBIX HW3MEHEHHH rpaduKa Harpy3Kd |
OIMCHIBAIOT MX OY€Hb NpuOIIKeHHo [9].

IIpu wucnonp3oBaHUU INOAXOJA «CHU3Y-BBEPX»
OGTDeKTOM HUCCIICAOBAaHUA ABJISICTCA KOHEUYHBIN
moTpeOUTEeNlh, W OCHOBHOC BHHMAaHUC YACIACTCS
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MIOCTPOEHUIO MOJENeH MOTPeOIeHUs I KaKIOTO €ro
snmekrponpuemanka [10,11]. Mertoasl «CHH3Y-BBEPX»
00€CIEUNBAIOT BBICOKYIO TOYHOCTH MOJEIUPOBAHUS
CyTOYHOTO rpaduka HArpy3KH NOTpeOHTENsI, HO
TpeOyeT OONBIIOr0 KOJMMYECTBAa JaHHBIX. Panee 3TO
6I)IJ'[O CECPLE3HBIM MPEMATCTBUEM K UX TPUMEHEHHNIO, HO
¢ passutueM ACKYD  sHeproxoMmanuii  u
pacIpocTpaHeHueM pPa3HOOOPa3HBIX HHTEIUIEKTYallb-
HBIX CHCTEM B JIOMallHUX XO3iHCTBaX 00beM
JOCTYIHBIX JaHHBIX 00 OJIEKTPUYECKOW Harpyske
KOHEYHBIX MOTpeOuTeNneld CTpeMUTENBHO pacTeT [12].

B kadecTBe MaTreMaTMYecKOro ammapara Jursd
MOJICTUPOBAHMS HAarpy3KH «CHH3Y-BBEPX» IIHPOKO
HCIIONIB3YIOTCSI METO/IBI PErPECCHOHHOTO aHain3a. Tak
B paborte [13] mis MpOrHO3MPOBAaHWS TMOTPEOICHUS
IEKTPOSHEPTUM M MAaKCUMAaJbHOW  HAarpys3ku
JOMOXO03s5IficTBA B 3aBUCHMOCTH OT THIIA 3JaHHA,
KOJIMYECTBO CMAaJ€H M COCTaB CEMbU HCIIOJIB3YETCsI
MHOXKECTBEHHAsI JIHHE#Hass perpeccus. A B [14]
npeayiokeHa (QyHKIMOHANBHAS BEKTOPHAas MOJIEINb
ABTOPETPECCHOHHOTO IPOCTPAHCTBA COCTOSHHUH IS
MIPOTHO3UPOBAHUSI  CIIpOCa Ha  3JIEKTPOIHEPTHIO,
MO3BOJISIOIIASl  arperupoBaTb €€ 1O  YpPOBHA
pPETHOHANBHOW WM HAIMOHAIBHOM HHEPrOCHCTEMBL.
Jns ToCTpOEHWsT PErpecCHOHHBIX MOJENeH Tarke
IIUPOKO HCIOJIB3YIOTCSl MCKYyCCTBEHHBIC HEHPOHHBIE
ceru [11].

Tem He MeHee, NMpPH HCCIEAOBAHUN DPEXKNMOB
NoTpeOsIeHHsI HOBOTO a0OHEHTa 0e3 UCTOPUH JaHHbBIX O
€ro Harpyske, Kak B ciydae MOJEIMPOBaHMs PabOThI
CMapT-CeTH IMPOCBIOMEPOB B HOBOM KOTTEIKHOM
mocesnke [7], MOCTpOCHUE OOBIYHBIX PErPECCUOHHBIX
Mozenen KpaiiHe 3aTpyTHEHO. Haubonee
MEPCIIEKTUBHBIM B JTOM Cllydae IpeJCTaBIseTCs
TOJTXOJ, TIPETOKEHHEIH B [14]. DT0 — MHOXKECTBEHHAS
perpeccusi, BKJIIOYAMONIas IOBEJCHYECKHUE MOJEIN
WCIIOJIB30BAHUS AJIEKTPONIpHOOpoB B ObITY. B Takoi
MOJIETN KaXKIbIN JKUTEID JIOMOXO3SIMCTBA
paccMaTpHBacTCs Kak HE3aBUCHMBIHN areHT, IBHXKAMBIN
CBOUMHU IKCIIAHUAMHU W TNPUBBIYHBIMHA mradJIoHaMHu
MOBEJCHUS.

B coOTBETCTBHE C MCHXOJIOTHYECKOH MOJIENbIO
MOBEACHUSI, TPEAJI0KEHHON HEMEKUM Ticuxosiorom /J1.
Hepuepom [15], B KaxkIblii MOMEHT BpEMEHH JIOAU
MPUHUMAIOT pemieHuss (B TOM 4uciae W 00
HCIIOJIb30BAHUM 3JIEKTPONPHOOPOB), MCXOMAS U3 CBOMX
TEKyIIUX JKEJaHWH W BHIOMpas Jydilee NEHCTBHE U3
MMEIOIIMXCS BapuaHToOB. B moBexeHueckol Moxenu
Harpy3kd [16] WCIONMB3YIOTCS YIPOINCHHBIE MOIETH
JKENAHWH OBITOBOTO TMOTPEOUTENS DICKTPOIHEPTHH.
Hampumep, xaxzaple 5 4acoB y uenoBeKa BO3HHMKAET
XKEJIAHUE TI0ECTh, a YTPOM Pabodero AHS y HEro e€cTh
JKemaHue IMoWTH Ha pabory. Bwibop mocTymHBIX
JNEUCTBUHN IS 4YeloBeKa, KaK IMOTPEeOUTENss dHEPTHH,
CTpEMALICTOCA YAOBJICTBOPUTL CBOU KEJIaHUA, 3aBUCUT
OT HMCIOUIMXCS B JIOMOXO3SHCTBE YCTPOHMCTB. ITO
MOTYT OBITh MHKPOBOJIHOBAsl I€Yb, JJIEKTPOYANHUK,
CBETWJIHHMKH, BOJIOHarpeBareny u T.1. EcrecTBeHHO,
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MOMEHT BO3HHKHOBCHUS JKEIaHUA M BBHIOOp CIOCOO0B
€ro  yIOBIICTBOPEHHS  SBISIFOTCS  CIyYalHBIMH
BEJINYMHAMU c OlpeleNIeHHBIMU 3aKOHAMH
pacnpeneneHus BepOITHOCTEN.

Kak nokasanu uccnenoBaHus, UCIOJIb30BaHHBIN B
momenu [16] moaxom XOpOWIO MOAXOMUT IS
(opMHpPOBaHUS pPEATUCTUYHBIX MpoduiIel Harpy3KH
Pa3HOOOpa3HBIX JAOMOXO3SIHCTB, TOYHO OTPAXKAIOIIMX
OCOOCHHOCTH WX peaJbHBIX TIpadUKOB Harpy3Ku:
pacrionioxxeHre 1 (GopMy MakCHMYMOB U MHHHMYMOB
Harpy3KH, KOJMYECTBO U BEJIMUUHY CKauyKOB Harpy3KH,
KO3 GUIHUEeHTH QOpMEI U 3amoiHeHus rpadukoB. Ha
ero 0ase co3MaH M pa3BUBACTCA HNPOrPAMMHBI
KOMIUIEKC C OTKPBITBIM HCXOIHBIM KoJoM «I eHepaTop
SIIEKTPUIECKHX Harpy3ok LPG» [17].

YcoBeplIeHCTBOBAHHBIN MeTOX MOCTPOEHHUS
rpaduKoB HArpy3Ku NOTpeOHTeNel-MPOCHIOMEPOB.
Hpe}IMeTOM JAaHHOI'O UCCJICOOBAHUA SBJIAKOTCA MOJACIIN
OBITOBO¥ HArpy3KH, MOAXOAIINE IS PEIICHUS 3a1auu
yIpaBieHus] paboOToOi y3ia cMapT-CeTH KOTTEDKHOTO
mocesika mpocklomepoB. Panee B [7] must artoro
WCIIONIb30BAJIMNCh  THUIIOBBIE  TpaduKd  HArpy3Ku
CPEIHECTATUCTUYECKOW CEeMBH, COCTOSIEH W3 JBOMX
paboTAIOIINX B3pPOCIBIX M JBOUX JeTeil. OIHAKO 3TH
rpaduKH SBISFOTCS CIHIIKOM CTJIQKEHHBIM, YTO MOXKET
NPUBECTH K IIONYYEHHIO aJIrOPUTMOB YIpaBJICHHS,

HECTIOCOOHBIX CIPAaBUTCA C PE3KO IEPEMEHHBIM
XapakTepoM  pealbHBIX  TPOQWICH  Harpy3KH.
[lockonapKy  peanbHBIE  apXUBHBIE  JaHHBIE O

NOTPeOJICHUH DHEPIUU HUCCIEAYeMbIM IOTpeOHTENeM
OTCYTCTBYIOT, JJISl pEIIEHHUs ITOCTAaBICHHOW 3ajauu
MIPEIJIOKEHO HCIOIb30BaTh IOBEACHUECKYI0 MOJEINb
Harpy3ku [16].

OpHako, NpsIMOE€ MCIHOIB30BAHUE MOJIYUYEHHBIX C
nmomomipto LPG rpadukoB Takke HE OTBedaeT
MOCTaBICHHOW 3ajaue. Kaxkaplii creHepupoOBaHHBIN
LPG rpaduk sBisercs ciaydailHBIM, YHUKaIbHBIM H
MOJKET CYIIECTBEHHO OTIMYATCS OT APYTHX PeaTU3anii
3allOJTHEHUEM. BEJIIMYMHONM M BPEMEHEM BTOPHYHBIX
MaKCHMyMOB M MHHHMYMOB Harpy3ku (cMm. puc. 1).
Takue OTKIOHEHHUS MOTYT OBITH CBSI3aHBI, HAIIPUMeEp, C
pacrpesieIeHHBIMH CIyYaliHBIM 00pa3oM pelIeHHsIMU
YJICHOB CEMBbH IPUTOTOBHUTH IIHIIY, MOCTHPATh Oenbe
WM BBIATH U3 JoMa. OHM SBIAIOTCA HEOThEMJIEMOH
YaCThIO OBEACHYECKON MOJIEIH.
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Puc. 1. Paznuunble peanu3anuu ciiydaitHbIx rpadMKoB
Harpysku mo LPG [16]
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B TO ’xe BpeMmsa, Uil HACTPOMKHM anropurma
yIpaBJICHUS y370M cMapT-CceTn HEo0X0oauM
MOBTOPSAIONINICA TpaduK HArPy3KH, OTpaKaroIIui
0COOEHHOCTH pearbHOr0 MOTPEOICHNUs, HO JTUIICHHBII
HETHIWYHBIX OTKJIOHEHWH. JII TOIy4eHHs TaKoro
rpaguka MpeIOKEHO YCPEIHUTh B ONpEIEIEHHBIX
BPEMEHHBIX ~ WHTEpBalaX  Cly4dalHble  MPOQIIH
HarpyskH, creHepupoBanssie LPG.

Jist mocTpoeHMsT MOAENHM Harpy3KH BBEIECHO
HECKOJIBKO ypOBHEH pa30OueHuii TaHHBIX Ha BpEeMEHHBIE
uHTepBaibl. Ha mepBoM ypoBHe, Bech roji pa3douBaeTcs
Ha WHTEPBAIBl BPEMEHH, KOTJa MPOIOJDKHTEIBHOCTH
ceetnoro Bpemenu aaa (CBJI) He m3mensercs Ooiee
yeM Ha 15 MuHYT. MOXHO CUuTaTh, YTO B I'paHULAX
KOKAOTO  HMHTEpBajla  PEKHUMBI  HCIOJIH30BAHUS
OCBETHUTENBHBIX MNpPUOOPOB HE U3MeHstoTcs. Jlms
IUPOTHI XapbKOoBa BBIACISIOTCS 24 TaKuX WHTEPBAJIOB
uuTeNbHOCTRIO 10-26 cyTOK.

)Ianee, B Kaxxaom HHTEpBAJIC BBLICIISIFOTCA
paboure ¥ BbIXOIHBIE AHU. [ paccMarpuBaeMbIX
OBITOBBIX TIOTpEOUTENCH XapaKTepHOU 0COOECHHOCTHIO
rpaduka Harpy3Kd BBIXOJHOTO JHS SBISCTCS HATNYHC
YTpEHHETO W JTHEBHOTO MaKCHMYMOB Harpy3KH,
OMM3KUX 1O BEIWYMHE K BEYCPHEMY MAaKCHMyMY
Harpy3KkH pabounx nHeil. HecMoTps Ha ompenereHHBIC
pasmmums, B JaHHOH paboTe HE pa3AeisroTcs
Mpa3gHUYHBIE THHU, CyOOOTHI M BOCKPECEHBS, YTOOBI
n30eKaTh M3IUIIHEH IeTaTN3aIHu.

Takum  oOpazom, TpaduKk Harpysku Juis
KOHKPETHOTO JTHSI T0/1a OIPEIeNAeTCs] KaKk
1 n
PM(dltk)ZHch,i(diatk): @)
i=1

rac

P, — ycpenHeHHas MOIHOCTD HATPY3KH;

d — HOMep TeKyIIero JHs roja;

t, — HOMep TEeKyIIero HHTepBaja CyTOK;

N — KOJIMYECTBO YCPEAHAEMBIX pean3auii
CreHEePUPOBAHHOTO TpauKa HATPY3KH;

P..i — MOIIIHOCTE HArpy3KM COTJIACHO i-# peanusamnuu

rpaduka Harpy3ku, creuepuponanHoro LPG;
d; — HOMep i-T0 JTHS rofia, OTHOCSIIETOCs K TOMY JKe

uHTepBaty npoaomkuteasnoct CBJ, utou d .
Srementsi MHOKecTBa {d;}, i =1,n BRIGHpaoTCs

ClydyalHBIM 00pa3oM cpead HOMEpOB MAHEH Tona,
OTHOCSLINXCS K TOMY xKe HUHTEpBAITy
npopomkurensHoctd CBJI, uro m d . Ilpu stom
JOIyCKaeTCsl TOBTOPEHUE 3HavyeHWd d;, Tak Kak
COOTBETCTBYIOIIUEC 40091

rpadukoB Harpy3ku P ; (di ,t) OyIyT pa3nu4aTbCs.

peanuzaiuu  CIy4alHbIX

Konngecto YCPEIHAEMBIX peanu3anuii
Cr€HEepHpOBaHHOTO Trpaduka Harpy3kd N MOXeT

BapbUPOBATHCS B 3aBUCHMOCTH OT >K€JIaeMON CTETeHU
CIUIXXMBAHMS yCpeaHeHHOro rpaduka. s maHHOM
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3aa4d OMBITHBIM TyTeM OBUTO BBIOpAaHO 3HAYCHHE
n =24

Kak Bugro w3 (1) mma moctpoeHus rpaduka
Harpy3KH CyTKH pa30MBAIOTCS HAa WHTEPBAIbI BPEMEHU
C IIOCTOSTHHBIM I1aroM At :

t —tg =At. 2

B cooTBercTBHE 3 paccMaTpuBaeMoOM 3anaderl u
Bo3MoxkHOCTssMH  LPG  BemmumHa At MoOXeTr
BEIOMpaThCs B AuamnazoHe ot 1 10 60 MUHYT.

Ha puc. 2 npencrasiens! rpaduku ycpeaHeHHON
MOIIHOCTH Harpy3ku P, (tk), MIOCTPOCHHBIE  TIPH
At =1 mun, At =5 mua u At =15 Mun. Kak BugHO, yem
MEHBIIIE 3HAa4YCHHE At, TeM Ooiee HepaBHOMEPHBIM
apageTcs rpapuk P, (tk), TeM Oonblle KoneOaHuii
Harpy3ku OH cojepxut. [Ipm sTtom rpaduku mis
At =lvMuH u At =BMHH OTIHYAOTCA HAMHOTO
cuibHee, yeM g At =5 MuHu At =15 muH. OCHOBHOE
OTIIIYHE, IPOSBILIONIEECS IPH IIepexoie oT At =5 MuH
K At =1 MHH COCTOMT B TpOSBICHHM Ha Tpaduke
HATPy3KH KOJIeOaHUH, CBSI3aHHBIX CO CTYMEHYATHIM HITH
pelefHbIM  XapaKTepoM  3aKOHOB  yIpaBICHUS
OOJIBIITMHCTBA MOIIHBIX OBITOBBIX AJIEKTPOIPHUOOPOB.

8
................ 1 MUH
6 ——— 5 Mun
15 MuH

MouHocTh, KBT
N ESS

0

0:00 6:00 12:00 18:00

Bpewms, uac
Puc. 2. Ycpennennsie rpauku Harpy3KH ¢
Pa3NUYHBIM [IaroM pa3OnueHHs CYTOK At

0:00

Menpmnii  mar At geranbHee — IepeaeT
CIIOpPaINYeCKUil XapakTep OBITOBOI HArpy3kw, HO OH
O3Ha4aeT M OoJbIlIee YMCIO TOYEK B Mojenu P, (tk),

OonpmInii 00BeM JaHHBIX IS XpaHEHU U 00paboTKH, a
3HAYHT U O0Jiee MEUICHHOE MOJIEITMPOBAHIE POLIECCOB
y norpeduress. Kpome toro, ynpasnenue y31oM cMapT-
CHCTEMBl IIPOCBIOMEpa JOJDKHO HPOBOAMUTCA C
OrpaHNMYCHUEM Ha YHCIIO HepeKJ’IIO‘-IeHI/Iﬁ PEKMUMOB
3apsi/pa3ps CUCTEMbI XpaHEHHsI SHEPTUH, a TaKke C
y4eTOM MHTepBasa paboThl peIHKa SHEpruu. [loatomy B
JAaHHOM HCCJIEZOBaHNUH /ISl MOJIENIN Harpy3ku P, (tk)

ObLTO BHIOpaHO 3HaueHHE Irara At =15 muH.
OnpenenuB ~ TakuM ~ 00pa3oM  TapameTphl
pa30ueHni Ha BPeMEHHBIC MHTEPBAJIBI YCPETHCHUS IS
mozmemu (1), B pabore ObUM TmONyYeHBI TpaduKU
HArpy3KH [Js OBITOBBIX IMOTpeOWTENeH, JKUBYIINX B
KOTTEIDKHOM TIOCEJIKEe, B XapbKOBCKOH oOmactu. B
KayeCTBE TECTOBBIX OOBEKTOB HCCJICAOBAHUS OBLIN
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BEIOpaHBl aBa TUma ceMbd. OJHAa COCTOHUT W3 IBYX
paboTaroumx B3pOCIHBIX, APyTras U3 ABYX pabOTaroIIuX
B3pOCIBIX M JBYX JET€l MOJPOCTKOBOTO BO3pacTa.
CoctaB M XapaKTEpUCTHUKU OBITOBOIO O0OPYIOBaHUS
obenx ceMeit COOTBETCTBYET COBPEMEHHBIM
NPE/ICTABICHUSIM O KOM(OPTE W Pa3BUTHIO OBITOBOIA
TEXHUKH. B KauecTBe OOLIEr0 OrpaHUYEHHS TaKXKe
OPUHATO, YTO BCE JIOMa B KOTTEIPKHOM IIOCEJIKE
00OpYyOBaHBI Ta30BOM CHUCTEMOW OTOIUICHUS U
rOpsSYero BOAOCHAOKEHHUS.

Ha puc. 3 mokasaH rpaduk CyTO4HOH Harpysku
CeMbH TIepBOTO THMa (KpuBas 1) Ui OZHOTO CE30Ha
roja, KOTOPHIA HCHoib30Bajics B padore [7]. OH
IIOCTPOEH II0 THUIIOBBIM rpaduikaM Harpys3ku OOJBIIOH
rpynmbl OBITOBEIX ToTpeburenell. Ero nHemoctatkom
SIBIISIETCS] CIIMIIKOM TJIAAKUH MPO(HIb, CBI3aHHBIA C
BBICOKMM YPOBHEM YCPEOHEHHS IIPH IOCTPOCHHHU
METOJIOM  «CBepXy-BHM3». KpuBas 2 Ha puc.3
NOKa3blBaeT MpHMEpP OJHOM peanu3auuu rpaduxa
Harpy3ku, creHepupoBaHHoro LPG mms Toit ke
TecToBoi cembu. Kak BHIHO, OH uMeeT Ooible
BTOPHYHBIX IIMKOB C OONBIIMM pa3MaxoM M Oolee
KpyThiMu (poHTamu. KpuBas 3 Ha 3TOM pHCyHKE
NpEACTaBIseT NpUMEp  yCpenHeHHoro  Tpaduka
CYTOYHOW HAarpy3kH paccunTaHHoro mo mognenu (1).
CytouHoe moTpeONeHne SHEPTHH y BceX TpaduKOB
Harpy3Kd COBIIAJaeT.

o]

i
1 f

MouHocTs, KBT
N

N

12:00 18:00 0:00

Bpewms, gac

6.00

Puc. 3. I'paduxu Mozeneit Harpy3Kku:
1 — tunosoii [7]; 2 — LPG [16]; 3 — ycpennennsiit (1)

Kak BumHo, kpuBas 3 Ha puc. 3 3aHMMaeT
MIPOMEXKYTOUHOE MOJOXKEHUE MEXNy KpUBbIMU 1 u 2.
VYcpenHeHHBI — rpadBiK  COOEPXKUT  MHOXKECTBO
BTOPHYHBIX MHKOB, CKOHIIEHTPHPOBAaHHBIX B paiOHE
YTPEHHETO M BEYEPHEr0 MaKCHMYMOB, TAKXE MHUKH B
JIpyTHE dYachl CYTOK, XapakTepHble Ui Tpa(uKoB
Harpy3Kd JOMOXO3SCTBAa. JTO  XapaKTepHUCTHKA
MOJIENIN Harpy3KH OYCHb BaXKHA MIPU €€ UCIOIH30BAHNHU
IS HACTPOUKHU ANrOpUTMOM yIpaBIeHUs
UHAVBUAYQIBHOM  CHCTEMOM  XpaHEHUs  OJHEpruu
npocbtomepa. KpuBasg 3 mmeer Takoe *ke CyTOYHOE
MoTpedJIeHNE SHEPTHH, OCTACTCSl TAKUM XKeE.

C nmpyroii cTopoHBI, KpuBas 3 Ha puc. 3 B CUIy
yCcpenHeHus uMeeT B 2-3 pa3a MEHbIIMH pa3Max
Koe0aHuH MOIIHOCTH HAarpy3Kd, 4eM KpuBas 2. OTo
3HAQYUT, 4YTO OHA HE TMepelaeT IHKH HarpysKH,
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CBSI3aHHBIE C  OJHOBPEMEHHBIM  HCIIOJIb30BaHHEM
MOIIIHBIX OBITOBBIX 3NEKTponpuOopoB. Tem He MeHee,
TAaKOM HEHNOCTATOK INPENJIOKECHHOW MOJIENN SBISAETCSA
JOIYCTHMBIM, TaK KaK TaKHue pe3Kknue OpOCKH Harpys3Ku
KOMIECHCHUPYIOTCSI Oy(hepHBIM HAKOMUTENIEM SHEpPTHH,
MOAKIIOYCHHBIM  MapalyICJIbHO OCHOBHOMY JIMTUI-
HOHHOMY aKKyMYJIATOPY B CUCTEME XpaHEHHS DHEPTHU
npockiomMepa. Tak kak npejiaraemMasi MOJIENb Harpy3KH
(1) ucrons3yercst 11 BEIOOpa aNropuT™Ma yIpaBiIeHHs
WMEHHO OCHOBHBIM aKKyMYJISITOpaM, MOKHO CUMTATh,
YTO OHA JOCTATYOHO TOYHO IEPEIAET BCE OCOOEHHOCTH
MOTPEONICHNsT DHEPrHMH MPOCBIOMEPOM B  paMKax
TIOCTaBJICHHOH 3a1a4H.

BruIBOADBI

[IpeanoxeHHbI METO] MOJIETUPOBAHHS HATPY3KH
OBITOBBIX ~ MOTpPEOWTENCH  «CHHM3Y-BBEpPX»  IIyTEM
YCPEIHEHUsI CITyYalHBIX TpauKOB, CreéHEepHPOBAHHBIX
MOBEJICHYECKOH  MOJETbI0, IO3BOJISIET  IONYYHUTh
rpaguKd  Harpy3ku, KOTOpBIE TOYHEE MEPEAaloT
CIOPaINIECKUX XapakTep OBITOBOTO MOTPEOICHHS, YeEM
THUIIOBBIE TPadUKH, TOCTPOCHHBIE METOJaMH «CBEPXY-
BHH3». BeIOpaHHbIe MapaMeTpbl pa30MeHNs] THTEPBAJIOB
YCPpECAHCHUA IIO3BOJIAKOT TMOJIYYNUTh JOCTAaTOYHO
KOMITaKTHBI Ha0Op JaHHBIX MOJAEIM W IPH 3TOM
COXPaHUTHh OCOOEHHOCTU HArpy3Kd B pa3Hble THH roja
W 4Yachl CYTOK, HEOOXOIMMBIE Uil MOAEIHPOBAHUS
PEKUMOB paOOTHI M AITOPUTMOB YTIPABJICHUS CHCTEMON
TeHEpallMd M HaKOIUICHWS JHEpPruu IoTpeOHTeNnei-
TIPOCBIOMEPOB.
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Modeling the influence of dustiness of photovoltaic modules on their performance in Matlab
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Annotation. A model of a maneuvering unit based on generating and accumulating capacities, which are elements of an
autonomous, mobile settlement, is proposed. Generating, accumulating and maneuvering ability is analyzed. Two types
of neural networks for the system of forecasting and analysis of the state of the integrated power system are analyzed.
The best option is selected. The variants of placement of accumulator blocks according to the theory of reliability of
electric power systems are analyzed. The role of this maneuvering unit and its fate and function in the power system are
established.

Key words: alternative energy, integrated power system, maneuverability, solar state, autonomous settlement, neural
network.

Introduction. A significant problem of modern

moels of photovoltaic systems in operation is the lack 1B — By LBy B
. . R . CcyM np po3c BiZ106p
of consideration of many seemingly unimportant fac- rop €os6 rop 1+cosf rop 1-cosp
tors, which together have a significant impact on the = Inp cos6, Fhpose =+ Plyinoep 2 @
performance of the system [1-2]. These factors include:
cooling of the photovoltaic module (PV module) sur- where 157, 187 1Y s the total, direct and

mp 7 “posc’ “BinoGp
scattered radiation from clouds, aerosols, and reflected
radiation from the ground surface to the slanted surface,

respectively; I’, Inosc: Ioinng, - the same for the hori-

face depending on the wind speed, consideration of the
model of daily air temperature change, and considera-
tion of the dustiness of the PV module surface. There-
fore, the task of this work is to obtain a model that will

take into account the above parameters, its implemen- zontal surface; 6 — is the zenith angle of the Sun; p -
tation in Matlab, simulation based on data from a real albedo of the Earth’s surface. _
solar power plant (SPP) and comparison of simulation ~Model of the generating unit. To simulate the op-
results with the observed during the year generation eration of photovoltaic modules, we use the model pro-
data. posed in [4]. Its main disadvantage is the use of a con-
Formation of the SPP model. stant solar coefficient, which is proposed to eliminate
Model of the active solar radiation. To describe by using a qualifying expression. The improved for-
the acting solar radiation on an arbitrarily oriented sur- mula has the form:
face § with azimuth y we use the model described in
[3]:
ppy = rertseta e e roe e el 1 GIR(L0°G) Try (2
where Ngm — - number of PV module in SPP; FF - fill FF = ImpPVMPP @3)
factor of volt-ampere characteristic (VAC); Tref, Gret — IscVoc
values of temperature and illumination of PV module
under standard conditions; ki, ky — temperature coeffi- where lvep, Vmpe — Nameplate values of PV module cur-
cients of shortcircuit current (CC) and no-load voltage rent and voltage at the point of maximum power under
(OC) of PV module; 1.,y — efficiency of PV module standard conditions; lIsc, Voc — nameplate values of
with maximum power controller; G — - current insola- short-circuit current and of PV module CC voltage un-
tion level, W/m?; Tewm — current temperature of PV mod- der standard conditions.
ule. The energy converters are based on simplified models.
The filling factor of the VAC is determined with the A standard block from the Simulink library was used to
help of the technical data of the PV module by the for- account for the Maximum Power Point Tracker
mula: (MPPT). The inverter model is based on ideal voltage
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and current sources. Riny and Rpr are introduced to ac-
count for internal losses in the inverter and in the con-
nection cable from the batteries.

Simulation of the electrical load is based on a probabil-
istic-statistical model, which is calculated by the for-
mula:

Pyi = P + Bo(P)) (4)

where Py, P; - design active load and mathematical ex-
pectation of the load at the i-th hour of the daily sched-
ule; g - calculation reliability coefficient, determines
the probability with which the random values of the
load will remain less than the adopted design value of
Ppi; a(Pi) - - average deviation for the i-th degree of the
daily schedule.

Model of a storage unit. The modeling of the storage
battery (SB) is based on the method proposed by Oliver
Tremblay and Louis Desent [5]. The basis for the model
is the generalized Shepherd's ratio and is given by the
equation:

__Kko
(Q - [idt)

where [ idt - actual level of SB charge (A*h); R - in-
ternal resistance of SB (Ohm); Vbatt - voltage of SB
(V); i - battery current (A); A, B - factors characterizing
the voltage drop value during exponential discharge
zone (V) and inverse value of AB capacity at the end of
exponential discharge zone (A*h)? ; K - polarization
resistance (Ohm).

PV module heating model. The PV module heating
block consists of two models: the ambient temperature
and the surface temperature of the solar panel. The
model of daily variation of air temperature for northern
latitudes has a number of its own features. The key fea-
ture is to take into account the effect of wind speed,
which does not significantly affect the modeling of the
SPP located, for example, in Kharkov, but makes it pos-
sible to obtain more accurate

results. It should be noted that, unlike wind speed, the
temperature change for the latitudes in which most of
Ukraine is located have a pronounced diurnal tempera-
ture variation, which can be determined using the ex-
pression:

T(t) =T + 0,5ATcos[27(tyicy — tmax)/taepl,  (6)

where T - mean daily air temperature, ° C; AT - daily
amplitude of air temperature, ° C; t,.., - period of air
temperature change, h; tmax current time of maximum
temperature, h; t,.... - local solar time, h.

Significant influence on the efficiency of generation is
observed from the operating temperature of PV module
when operating in conditions of high insolation. The
approximating dependence of PV module surface tem-
perature exceedance is determined depending on inso-
lation and wind speed is determined by the formula:

ATgy = 0,0283G — 0,0058GV + 0,0005GV?  (7)

Fig. 1. PV module heating model:
1 - Model of daily temperature change; 2 - Model of PV module surface heating
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Fig. 2. Diagram of mathematical model of converters: 1. PV module; 2. Load; 3. Inverter; 4. SB
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A generalized model is shown in Figures 1 and 2.

Accounting for the dustiness of the PV module sur-
face.

The model described above shows insufficiently
high accuracy for modeling the operation of the SPP un-
der operating conditions. To improve the proposed
model, it was decided to implement a block to account
for the influence of PV module surface contamination
on the performance of the system. This issue was con-
sidered in the works of Kolomiets [8-9], which indicated
that the most common type of PV module contamination
is dust (accumulation of solid particles with a diameter
less than 500 microns). Observations with SPP suggest
that the change in the amount of dust deposited on the
PV module surface can be described by a slowly grow-
ing exponent. Therefore, the basis for the model is the
formula:

Nnmly (t) = NOert! (8)

where No — is the initial amount of dust on the surface; r
is the rate of growth of the amount of settling dust.

The air humidity has a significant influence on the
rate of growth of the amount of settling dust, which must
be taken into account to form an accurate graph:

;= ((p—100)*—1)dN )
NDt

where p — - is the air humidity at the selected time of
day.

Since sunlight is electromagnetic radiation, it is
fair to use the Bouguer-Lambert-Bera law as the basis
for calculating the energy absorbed by dust:

((p—100)*(—1))dNt
SC
GBTpa‘-I = Goe

The presence of precipitation significantly affects
the amount of dust deposited on the surface of the PV
module, so there is a need to create a block to account
for the change in the influence of the dustiness of the PV
module on the performance of the SPP depending on the
amount of precipitation. This dependence is presented in
the graph in Fig. 3 [6].

NregTji (Ejjtg L Nx
2 x>
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Fig. 3. Influence of atmospheric precipitation on
the reduction of PV module energy losses:
Vertical axis - loss of PV module capacity,%, horizon-
tal axis - amount of precipitation, mm; 1 - beginning of inten-
sive cleaning; 2 - point after which there is no cleaning

Test experience shows that in the range from 3 to
7 mm of precipitation the most effective cleaning of the
PV module surface occurs, but even in such conditions
there is no complete elimination of contamination. This
is explained by the formation of dust accumulations, the
removal of which becomes more and more difficult each
time, and the contamination process in the next unit of
time begins with a higher level of contamination.

To simplify work with the graph, it is proposed to
implement it through two block models, because it can
be divided into two zones, which can be described by
standard functions.

The first (from 0 to 2.9 mm of precipitation) will
be described by the formula:

nBTpa‘{.yTO‘{ = nBTpaq - g (10)
where 1,5, — IS the percentage of the energy from that
reported to the surface, which is absorbed by the dust
layer; Q — is the precipitation level at time t.

The second (from 2.9 to 7 mm) is described by the

formula:
dQ
nBTpa‘{.yTO'«l = nBTpaqe( (th)x) (11)

The function matching is done by means of a com-
parison unit, which in our case compares the value with
the constant (2.9) and directs the signal to the appropri-
ate function.

The implementation of the above proposed func-
tions is shown in Figures 4 and 5.

(1

Fig. 4. Implementation of the block of influence of surface dustiness on PV module generation
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Fig. 5. Implementation of the block of changing the effect of the dust layer on the productivity depending on the precip-

itation
Simulation. To check the performance of the proposed sim- T e T
ulation model, the conditions of the city of Chuguev (geo- - Tem
graphical coordinates 49° 50'07" N, 36° 40'32" E) were cho- #
sen for a typical summer day of the year (June 21). %

A private SPP is taken as a modeling object. The solar panel
is based on polycrystalline photovoltaic modules ALM- ||
340P-144, 9BB. The hybrid inverter IMEON 9.12 is in- & y/ Nz,
stalled. The solar power plant under consideration has no i
mechanism for automatic orientation of the solar panel to

the sun.
The input data for the simulation are meteorological data _°° B AR E A ALEE 2. L1
from the NASA SSE 2020 database for the city of Chu- Fig. 7. Heating graph of the PV module surface
guyev. The albedo of the Earth's surface is assumed to be .
standard: 0.2 for the grass cover, and 0.8 for the snow cover. P |w [
The mean daily temperature is set at 25.25 °C, the amplitude 7500
of the daily temperature change is 6.1 °C, the mean wind
speed is 9 m/s, and the local time of maximum temperature e
is 16 hours of the day. 4500
Figures 6-8 show the time graphs of regime parameters of
PV module. In Figure 8, the graph is built taking into ac- 3000 A
count the influence of dust, and surface temperature, but this 1500 ——2
did not change the appearance of the graph cardinally, be- 7
cause the change in dustiness is relatively slow. 0024 6 8 10 12 14 16 18 20 22 rx
G o Fig. 8. graph of active energy generation by the PV
’ ’ module.
o i )
[ To better understand the contribution of the improved
600 ( ’ model, a simulation for 2020 conditions was conducted and
ﬂ NI ] two cases were entered into a single table: a simulation
0 =141 without and with the dust impact block.
The result, at first glance, was not terrific. In the first
0 ) f \ case we obtained an average energy generation of 46.173
. | kWh per day for the month of July, in the second - 44.17
0 2 4 6 8 10 12 14 16 18 20 22 4n kWh per day. July was chosen on purpose because we had
Fig. 6. Diagram of the daily variation of the total solar data from the operation of the 9 kW SPP, which indicated
radiation that the generation in July was 43.91 kWh per day. Based

on this, it can be argued that the model contributes to the
development of accurate modeling of the behavior of pho-
tovoltaic systems under operating conditions. The
simulation results for 2020 are shown in Figure 9.

130



IIT Lsg®omsdemtobim bsdgboghm-Egdbogzmeo 3mbggmabios "gbgMag@ogol msbsdgmmgy 3Gmdergdgdo
@5 35000 3505§93930L 3bgdo", MdoEOLo, bygsGmggwm, 2021 fiemol 7-10 ogbolio
IIT International Scientific and Technological Conference "Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, June 7-10, 2021

Average results for 2020
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Fig. 9. Comparative graph of the two simulation results

Conclusion. In this work, we proposed a
mathematical model to simulate the operation of the SPP
under operating conditions and modernized by
implementing a block model to account for the effect of
dustiness of the PV module surface on its productivity
for the Matlab environment.

The efficiency of this model was tested on the
example of a real object. The effectiveness of the model
is confirmed by an increase in modeling accuracy of
4.34%.

The data obtained in modeling allows to increase the
accuracy of pro-forecasting of plant generation so as to
give recommendations for effective operation of the SPP
and opens up the possibility of expanding the modeling
of dust behavior on the surface of the PV module and its
impact.
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Introduction

Solar energy is one of the most ecological and easily
assimilated energy sources today, the main goal is to
maintain an ecologically clean environment and use a
resource that is inexhaustible. 21 century attempts to use
solar energy are much more massive than they were in
the 20, more organized and alternative for many,
especially when it comes to saving the earth's natural
resources, polluting the environment. The paper aims to
show us the ways of utilization and its advantages. In
addition to increasing visibility and awareness for each
person, the aim is also to review the solar radiation
situation in Georgia, examples of European countries,
and their best practices and results, which in turn is a
motivating source for Georgia to modify, improve and
gain energy independence.

An evolutionary path to utilization

Some scientists believe that the Earth is the only place
in the solar system where life is known to be possible.
The reason for the belief is considered to be a correct
position of the Earth called - "Goldilocks zone", neither
too close nor too far from the heat. In this zone, it is
possible to obtain and utilize enough energy for the
ongoing chemical and biological processes on Earth.
The sun, as well as each star, generates energy during a
thermonuclear reaction. It is for the utilization of this
energy that mankind has been long engaged in
secondary recycling, burning biomass (firewood, coal,
gas, petroleum products) obtained by photosynthesis. In
addition to the above mentioned, secondary recycling of
solar energy is also considered to be the use of
hydropower and wind energy. In the twentieth century,
humans began to use non-solar-powered energy sources
(nuclear energy in nuclear power plants and deep earth
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heat (geysers and other heat sources). The energy was
converted through various reflective systems (using
thermal energy) when the sun was focused through flat
or concave mirrors over a large area. Direct conversion
of the energy of photons (light particles) of the sun's rays
into electrical energy.

1. Use of thermal energy - With the help of this system,
properly positioned mirrors reflect the sun’s rays, in the
center of which the boiler heats up, resulting in the
generation of electricity. The given system is considered
quite outdated compared to today's reality, because it
requires a large area and has more complex structure.
The thermal system needs more solar energy than
photocells, and also fails to generate energy on cloudy
days. This method is mainly used in desserts and semi-
deserts.

2. Photoelectric conversion (by photocells) - Derived
from the word photoelectric elements, which are also
called “Solar batteries”, or “Solar panels”, are used to
convert solar photons into electrical energy. The
photocells consist of a thin plate of silicium with a small
amount of phosphorus added to the top layer. This
creates extra free electrons in the top layer of the plate,
called N-type silicium, which has the property of
emitting free electrons and is negatively charged. A
small amount of boron is added to the bottom of the
plate, which tends to attract electrons and is called type
P electrons. In the end, Electricity will be generated.
Converting sunlight into electricity takes place without
any noise and it is a fast process. There are no
mechanical parts that might wear out, so their service
life is long. Constantly evolving technologies allow us
to make photocells thinner and more flexible. Today,
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there is a fastening construction, as well as a tile, which
is made entirely of photocells. Which means, instead of
putting photocells separately on the roof, the roof itself
can be made from photocells.

Current energy situation and solar radiation in
Georgia

Over the last several years the growth rate of electricity
supply has been falling behind that of electricity
consumption. Over the ten years from 2007 to 2017
average growth of electricity consumption was 4.4% ,
however this grows was even more significant in recent
years — 14.4% higher consumption growth rate is energy
efficiency. Pg 35

In addition, the share of renewables in the electricity mix
of Georgia is among the highest in the world (78% in
2015)- nearly 4/5 of the electricity comes from hydro
(the rest from natural gas) although only some 20% of
its potential is currently used. Georgia has an immense
untapped potential of wind, solar, geothermal and
particularly hydro resources, pg 17

Therefore, With the active involvement of the private
sector, using Georgia's transit potential and other
relevant factors, the country has the opportunity to
create a stable and secure energy supply, which in turn
will make the country more competitive. Along with
improving energy independence, it is important to
increase the country's energy efficiency and develop
Georgia's existing energy infrastructure.

Our country has very good climatic conditions for a
solar power plant to work well. It is a problem-free
technology, it has no radiation, It does not harm humans
or the environment. Georgia is an ideal place for a solar
power station. In this study we will give an example of
the eastern part of Georgia. According to the
information received and confirmed by the Ministry of
Environment of Georgia, the eastern part of the country
is sunny on average 280 days a year.

Experience and achievements of Europe

We would like to consider some examples of European
countries in the field of renewable energy: For example,
Germany has been actively investing in renewable
energy since 1992, making it one of the largest
producers in Europe today. Apart from Germany, the
use of renewable energy plays an important role in many
European countries, including the former Soviet Union.
In 2015, 10% of Lithuania's energy came from
renewable energy, while in 2016 this figure increased to
28%. An important part of this energy is solar energy.
These numbers are growing every year. At 2020
Lithuania had capacity of 120 MW of solar power.

The EU solar market grew by 11% in 2020 with 18.7
GW of installations (info by
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https://www.solarpowereurope.org/)  Europe’s  total
installed solar power capacity jumped from 17.1
gigawatt (GW) in 2009 to 121.6GW in 2018, according
to a report released by the International Renewable
Energy Agency (IRENA). Solar power continues to
make a significant contribution to the overall increase in
renewable energy production in Europe. The total
renewable energy produced in the continent increased
from 295.7GW in 2009 to 536.3GW in 2018.

Sweden, Finland, Latvia, Austria and Denmark
currently produce more than 30% of their total
electricity from renewable sources.

Energy profiles Europe’s top three solar energy
producing countries:

1. Germany 50.1 GW

Leading the way in Europe, Germany is the continent’s
leading producer of solar energy with an installed
capacity of 45.8GW in 2020. The country features
among the top solar producing countries in the world,
behind China, the US, and Japan.

In 2018, Germany added nearly 3GW of new solar
capacity. The country makes up 7.9% of the total
consumption of solar power in the world.

2. Italy 25 GW

Although possessing almost half of the installed solar
capacity of Germany, Italy ranks second in the list of top
European solar producing countries, with a capacity of
25GW in 2020.ltalian government set a target of
achieving 50GW of installed solar capacity by 2030.

3. UK 13.1 GW

UK plans to phase out coal-fired power plants by 2025.
The country is also one of the leading producers of solar
power in the world.

(Info www.nsenergybusiness.com/)

In addition to efficiency and ecology, the development
of renewable energy is a big step towards to Georgia's
energy independence. Martynas Nagievicius, President
of the Lithuanian Renewable Energy Confederation,
says that Lithuania's security is conditioned by their
energy independence. It’s impossible to protect the
country and economics when the Russian Federation is
the main supplier of electricity. This is at a time when
Lithuania has long been a member of the European
Union and NATO. Georgia's main energy supplier is a
country that occupies 20% of its territory. We can easily
check the level of solar radiation in different parts of the
earth. One of the websites www.solargis.com. Where
we can clearly see that Georgia is one of the best not
only in region, also one of the best in Europe.
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Let us give the example of our friend Lithuania, which
is developing in this direction, and compare data.
Average level of solar radiation in Lithuania is between
900 kWh/m2 and 1100 kWh/m2 per year. Radiation
level in the major cities of Lithuania (kWh/m2 /year):
Vilnius — 990, Kaunas — 1058, Klaipeda — 1062, Siauliai
— 974, Nida — 1073. Un- der these conditions, it is
possible to produce an average of 950-1050 kwh of
electricity per year by using the latest PV technologies.
In Lithuania, a large part of residential buildings are
built that they have a special place to install solar panels.
Massively upgrading old buildings to install the PV. In
capital Thilisi average radiation is 1450 kWh/m2. As we
see, we've got better potential about to use sunlight as
energy.

Solar power for Georgia’s energy independent

There is one question, what is needed for energy
independence? The first option is large hydropower
plants. Today, the population of Georgia has a negative
view on the construction of hydropower plants. Even
today, several HPP projects have been suspended due to
public protests. The public mood about green energy is
very positive. Install the PV is easy and more safe, that
is why renewable energy is the only alternative for
Georgia to become energy independent.

The only problem we have with massive solar energy
production is the reduction of green spaces. But it is only
in the area where a large number of solar panels are
standing. The sun shines directly on the panel and the
sun’s rays do not touch the grass. However, there are
places in Georgia where this is not a problem. For
example, David Gareji Desert. This place is ideal for
solar panel work, the panel work in this place has ideal
productivity. Also, in Gardabani, 50 kilometers from the
capital, according to the Ministry of Environment,
sunlight is ideal. For small consumption, the panel can
be installed on the southern part of any roof.

The development of renewable energy in Georgia means
not only ecology, also less imports and dependence from
Russia. This is a big step for the country to Europe...

Conclusion:

1. The use of solar energy is the best energy alternative
on the territory of Georgia.

2. Using the knowledge and experience of our friendly
countries we can more easily develop this energy.

3. According to the sources in the study, we see that
solar radiation in Georgia is the best for the development
of this field.

4. Development of renewable energy in Georgia is a step
towards the country's energy independence.
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5. This is the best way to protect the environment. Green
energy is the beautiful future of our children.

Recommendation

For Georgia to achieve energy independence, it is
necessary to take concrete effective steps that will be in
full correlation with the interests of the state and the
population.

This paper discusses the positive reality caused by the
geographical location of Georgia, in which the country
can integrate renewable energy. Also, the examples of
other countries that have shown us how much benefit
and progress the use of solar energy has brought in the
formation of a sustainable economy.

To make the steps that the Georgian government can
take easy to understand, we will consider some of them
as a recommendation:

1. In one part of this paper - An evolutionary path to
utilization, an alternative to the use of photocells is
discussed. That is why the first recommendation is for
the Georgian government to encourage construction
companies with legislative and financial incentives to
motivate the market for companies to build houses that
are covered with solar panels. Roofing houses with solar
panels will generate electricity and increase the interest
and involvement of the population.

2. According to the trends of recent years, in Georgia,
agro-culture and related issues are gradually becoming
more relevant and important. By relying on this data,
using photocells, we can get a double benefit. For more
specificity:  Overlapping irrigation canals with
photocells will result in both an energy supply as well as
a reduction in water loss that will be caused by hot days.

3. Installation of solar panels in small and
remote/inaccessible settlements will eliminate the
problem of long transmission lines. Due to the small
population, the construction of transmission lines in
these settlements is inefficient, both economically and
infrastructurally.
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Summary. The method of nanoindentation for the first time determined the microhardness of crystalline films of erbium
monoantimonide prepared on various substrates: leicosapphire, monocrystalline silicon, quartz and sitall.. It has been
shown that the microhardness depends on the indentation depth and the substrate materials

Keywords: monoantimonide of erbium, film, microhardness, substrate.

Beenenne. Monoantumonun 3pbus — ErSb nuanasone Harpy3kd 1-1500 HM UHIEHTOPOM BHKeEpca
SABJISICTCSA NIEPCIEKTUBHBIM MaTepUaIoM T [2]. Bpems 3amep:xku MpH MaKCHMAaNbHOM Harpyske
TepModsiekTporeneparoB  [1]. Yacto martepuansl, paBHsnack 10 c., a BpeMs 3aJepKKU TPU Pa3Tpy3Ke
HUMEIOIINe rpueMseMble 3JIEKTPUYECKHE Obina paBHa 4 c. MccnenoBanuch MIEHKHA OJWHAKOBOM
XapaKTepPUCTUKM HWMEIOT  HU3KHE  MEXaHWYeCKHue TOJIIMHBI HAlbIJICHHbIE HA PA3IMYHBIX IOJJIOXKKAX,
CBOMCTBa, YTO OrPAaHUYMBACT M HEPEAKO JIeNaeT UX TonuuHa paBHsu1ack 1.0 MkM. CKOpOCTh BJJaBIMBaHUS
HENPUTOAHBIM  JUISl  TPAaKTUYECKOro NPHMEHEHUS, uHgeHTOpa paBHsmack 10 HM/c.  Ompenenenue
MOATOMY  aKTyalbHBIM  SBISETCS H3y4YeHHE MHKPOTBEPJOCTH  MPOBOIWIM  aHAIW30M  KPHUBOI
MEXaHHUYECKUX CBOMCTB MaTepuanoB. OngHuUM U3 Harpy3ku Metonom Omnusepa-Ildana.

KJIFOYEBBIX ~ MCXAHHYCCKHX  CBOMCTB  SIBISCTCS PesyabTraThl 3kcnepumMeHTa. Ha pucynke nana
MHKPOTBEPIOCTb. 3aBHCHMOCTh MHKPOTBEPAOCTH IUIeHOK ErSh ot

Hens padorel. llemsto paGoTBl  SABIANACH rIIyOMHBI UHICHTUPOBAHUS ISl PA3IMYHBIX MOJJIOMKEK
UCCIICNOBaHNE  MHKPOTBEpAOCTH  iéHOK  ErSh (meukocarup, MOHOKPHCTAJUIMYECKHH  KPEMHUH,
MPUTOTOBJICHHBIX ABYMSA Pa3HOBHUJIHOCTAMU BaKyyMHO- KBapi 1 CI/ITaHH)

TEPMHUYECKOTO0 MWCIAPEHMs: HCIApEHUEM U3 [BYX W3 pucyHKa BUIHO, YTO MUKPOTBEPAOCTD [l BCEX
HE3aBHCUMBIX HCTOYHUKOB KOMIIOHEHTOB | IUIEHOK 3aBUCUT OT T[IYOWHBI WHICHTHPOBAHHS,
JIMCKPETHBIM ucrapeHrueM Npe/IBapUTEIHHO 0COOEHHO 3TO 3aMETHO ISl IJICHKW HallblJIGHHOH Ha
CHHTE3HPOBAHHOTO 00BEMHOTO Mmarepuara. canupoBOil NOAJIOXKKE, 3areM Ha KPEMHHEBOU
TexHonornyu MiIeHOK onucaHel B pabote [1]. MOAJIOKKE, a JJIs TNIEHOK HAIBUICHHBIX Ha CHTAJIOBOM U

OkcnepumeHT. Vccienyemble mnénku ErSh nmenn KBapLEBOW MOMIOKKAX YBEIUYCHHE MHUKPOTBEPIOCTH

tomuuny 0.9-1.3 MM, anuHy 5 MM, IIUPUHY 4 MM. AMEIOT OJIM3KHUIA TEMIT POCTa.

[Tnénkn ObIM 01HO(DA3HBIMH U OTHOPOIHBIMH, KaK IO
TOJIIMHE, TaK U TIOBEPXHOCTH.

Kak m3BecTHO TBEpJOCTH MaTepraia NpeiCTaBIsIeT
€ro CBOWCTBO OKa3blBaTh CONPOTUBIIEHHE YIPYIOW M
IUTaCTHYECKON NedopMalvy IIpy BOABIMBAaHUM B HETO
JIpyroro Mmarepuana, KOTOPBIN Ha3bIBACTCS
UHACHTOpOM. M3MepeHust NpoBOAWINCE HAa YCTAHOBKE
mapku DUH-211S B pexkuMme pasrpy3Ku-Harpy3ku B
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FnybvHa NHOEHTUPOBAHUS. MKM

PucyHok. 3aBHCHMOCTh MUKPOTBEPIOCTH IUIeHOK ErSh
HaIbUICHHBIX Ha PA3JIMYHBIX ITOJUIOKKAX OT IITyOHHEI
WHJICHTAPOBaHHS
1 - neikocandup; 2 - MOHOKPHUCTAILTHYESCKIHA
KpeMHWiA; 3 - KBapIl, 4 - cUTalI

AHanorn4Hasi 3aBUCMOCTb MUKPOTBEPJIOCTH OT
[IIyOMHBI MHICHTUPOBAHHS HAOIOAAI0TCS ISl TUIEHOK
Me[H HalbUICHHBIX Ha MeTHOM momtoxke [3], s
TIOMHHUEBBIX TUIEHOK HAIBUICHHBIX Ha CTEKIISTHHBIX U
KPEMHHEBBIX ITOJUTOKKaX [4] 1 17151 cepeOpsIHBIX TUIEHOK
HaIBUICHHBIX Ha KPEMHHEBBIX ITOUI0XKKaX [5]. Kak
JJaHHBIC HACTOAIIECH pabOTHI, TaK TaHHBIE IPUBEACHHBIE
B pabortax [3-5] kacaroTcs ciry4aeB, KOraa TBEpAOCTb
MaTepHana MIEHKHA MEHbIIE TBEPAOCTH MaTepraa
TIOJUTOKKH.

3HavYeHUs MHUKpPOTBEPAOCTH MaTeprasoB
HOJJIOXKKY U IUIEHKH ErSh npusenensl B Tabiuie.

JlaHHbIE MUKPOTBEPAOCTH HEKOTOPBIX

MaTepuaoB
Tabauna
Martepuan MukpoTBepAOCTb,
10° Ia
Lsapn 8,8[ 6]
Kpemnwnii 11,0[7]
CwMraimn 8,60 [8]
Jlenkocangup 19,4 9]
ErSh 1,49 [10]

[MpuBenéHHbICc NaHHBIE OTHOCATCS K IUIEHKAM
ErSb, npuroToBieHHBIM METOIOM UCTAPEHHS U3 JBYX
HE3aBUCUMBIX UCTOYHHUKOB.

Xapakrep 3aBHCHMOCTH MHUKPOTBEPIOCTH IICHOK
MIPUTOTOBIICHHBIX METOJOM IHCKPETHOTO BaKyMHO-
TEPMHUYIECKOTO HCTIAPCHUS MpeaBapuTeEHO
CHHTE3MPOBAaHHOTO 00BEMHOI0 MaTeprana B Ipenenax

OIIMOKHU OKCIICPUMEHTA HC OTIIMYAaCTCA oT
AHAJIOTMYHBIX  JTAHHBIX IEHOK IMPUTOTOBJICHHBIX
MCTOOOM nucnapeHus us3 ABYX HC3aBHCHUMBIX

HCTOYHHUKOB KOMIIOHCHTOB.
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3ak/a0uenue
1. MeroaoM HaHOWHJCHTHPOBAHHS HCCIICAOBaHA
3aBUCHMOCTh  MHKpoTBEpmoctd  mnénok  ErSb,

MIPUTOTOBJICHHBIX HAa TOUIOKKax Jieiikocangupa,
MHOKPHUCTAJUINYECKOT0 KPEMHHMSI, KBaplla U CUTAIlIa OT
MaTepHana IOUI0KKN U TTTyOWHBI HHACHTHPOBAHUS.

2. IlokazaHa, 4TO MHKPOTBEPIOCTH 3aBHCHUT OT
Marepualia HOAJI0XKKH U ITyOUHBI MHIACHTHpoBaHus. C
yBEJIMYEHUEM TITyOMHBI MIJIPOTBEPJOCTh
YBEJIMYMBACTCS U CKOPOCTh YBEIMUYEHHUS! TeM OOJblle
4yeM Ooubllle Pa3HOCTh MEXIY MHKPOTBEPAOCTIMH
MOJJIOXKKH U MaTeprana IIEHKY.

3. Ilokazama, 4dro XapakTep 3aBUCHMOCTH
MHUKPOTBEPJAOCTH IIEHOK OT MaTepuala MOIIOKKHA U
IIyOMHBl WHACGHTHPOBAaHMSA HE 3aBUCHT OT METOJA
MIPUTOTOBJIEHUS MIIEHOK.
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Annotation: The article reviews the current situation and trends in the use of hydrogen for energy purposes in the world.
In addition, the best examples of energy technologies of hydrogen in the world are discussed. Based on the analysis of
this material, relevant recommendations have been prepared for the development of hydrogen technologies in Georgia.
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Results of video recording of the action of reactive forces on the heating surface
in the process of liquid boiling

Evtithi Machavariani, Doctor of Science, Professor,
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Annotation. The object of research Is, in general the mechanism of the liquid boiling process and, more specifically,
the reactive force, generated by boiling in large volumeliquid, and acting on the heating surface.

An experimental method is used in the present study, for which a specially developed and prepared laboratory-
experimental institution, a compiled methodology for conducting measurements and processing of half-results. The
boiling process of water took place on a plate with one a conductive surface on which the induced reactive force forced
the heating surface to move in the direction opposite to boiling.

According to the authors, the reactive force arising during boiling of a liquid and acting directly on the heating
surface was discovered for the first time.It is expected that an in-depth study of this phenomenon will create a good
opportunity for the technical implementation of new types of thermal drive mechanisms.

Keywords: liquid boiling, reactive force, heat transfer.
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Annotation. This document is an analysis of the UN Sustainable Development Goals. The results of the study are based
on the so-called "Desk research” method and information obtained based on secondary data processing, by using a
quantitative method, processing and analyzing statistical data obtained from reliable sources and in the form of publicly
published information. The world experience on this topic has been studied and the necessary components have been
identified, which are necessary to determine in the long run, whether it is possible to have access to renewable solar

resources in the future.

Keywords: Solar energy, inexhaustible resources, climate change, global challenges, electricity.

Introduction: In 2015, 17 Sustainable Development
Goals and 169 economic, social and environmental
objectives were adopted by the UN General Assembly.
Georgia has expressed support for the given goals and,
as of today, is actively working by the plan outlined by
2030.

In this work, the 7th goal® is discussed specifically,
which provides affordable and clean energy, improving
energy efficiency, and developing the economic and
social environment of Georgia.

As you know, as the population grows, the amount of
fossil resources of their means of subsistence, such as
coal, oil, etc., becomes depletable over time and will
eventually, after some time, lead to fatal consequences
for humanity. That is why we consider that it is
necessary to study and initiate the processes of search
and development of alternative resources to be able to
properly use renewable energy sources over time and
thus improve the standard of living and socio-economic
benefits. All this will allow us to meet the increased
demand, with minimal costs.

The Aim of the work. If we consider the fact that
renewable energy is an inexhaustible resource, as it
includes water, solar, wind, wave energy, and other
natural resources, by 2030, its depletion is less expected,
however, in the long run, it is interesting to see how

1 The 7th goal - Universal provision of affordable, reliable,
sustainable and modern energy.
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available these resources are for future generations, and
how objectively we assess this fact, because climate
change is entirely anticipated, and we think that while
discussing this, we should consider how appropriate it is
to intervene in a naturally occurring eco-environment,
as long as we can, it will be interesting to consider
historical experiences.

Thematic Part. According to scientific works and
studies, reality is easily perceived. It is about D.
Kbiladze's work "Statistical aspects of economic growth
and social status measurement”, which describes
research methods and techniques that allow us to
determine the right results and achieve the desired goals
Since D. Kbiladze's work is based on J. Stiglitz's report
"Measurement of Economic Performance and Social
Progress”, it is necessary to read and evaluate the
mentioned report to be able to see the current reality in
the long run.

All UN member states agree on a better and more
sustainable future, which is related to the current global
challenges, and because "the rapid pace of globalization
has put on the agenda the problem of socio-economic-
ecological development of countries, information
process of multilateral process? - poverty, inequality,
prosperity, peace, and justice, as well as climate and
environmental challenges have become a common goal

2 D. Kbiladze, Statistical aspects of economic growth and
social status measurement. Publishing ,,Universal, 2012.
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of Georgia and the world, to make reliable and modern
energy services more accessible to the population and to
be able to consume more renewable energy.

J. Stiglitz's report "Measurement of Economic
Performance and Social Progress”, discusses the
indicators needed for sustainable  European

development, based on Eurostat data from 2007. In
particular, our attention was drawn to the fact that J.
Stiglitz’s report names climate change as one of the sub-
challenges to renewable energy consumption. This
provision raises reasonable doubts about the
exhaustibility of the use of renewable energy sources in
the long run because if artificial interference in the
natural environment can cause climate change, we must
have detailed information about it to have the right
information  for proper development. Nenskra
Hydropower Plant Project is a real example of it, the
construction of which caused a great disagreement not
only between the population and the authors of the
project but also involved geologists, hydrogeologists,
climatologists, and other competent persons.

Also, the production of electricity from renewable
energy sources, biofuel consumption, combined heat,
and power generation remains a challenge for the
development of renewable energy. This also requires
human capital and according to J. Stiglitz, human capital
increases only as a result of education, and in this regard,
we must promote human education to get higher benefits
and increase productivity along with the obtained
results.

Existing unused energy resources in Georgia. Taken
into account the Social-economic Development Strategy
published by the Government of Georgia in 2020,
nowadays, the produced energy does not meet local
requirements, which makes energy imports necessary,
therefore, it puts supply stability, price control, and
quality of production at risk. Why do we need import,
when it is entirely possible for us to produce and export
existing resources?! Whereas the rich energy and hydro
resources of the country are unused and we have the
opportunity to get high economic benefits and raise the
level of development of Georgia, neglecting such
opportunities is a crime.

According to the Global Competitiveness Report 2013-
2014, Georgia ranks 52" in terms of the quality of
energy supply, and according to the World Bank Doing
Business Report 2014, in terms of access to electricity —
541,

Nowadays, getting energy from renewable sources has
become quite a common practice, even though in the
past it seemed almost impossible. It is already rapidly
gaining popularity and becoming a preferred source of
energy for a growing number of consumers.
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Comparison of international trends existing in the
global market on the example of Georgia. Now, we
would like to discuss international trends in the global
market and make a comparison on the example of
Georgia.

Thanks to a successful combination of stimulation and
demand growth trends that are often found in developed
and developing countries around the world, solar and
wind energy are successfully competing with traditional
energy as their efficiency is constantly increasing.

In 2017, 187 countries around the world ordered a
record amount of solar energy (93.7 GW), which is more
than the total global volume in 2011 (69 GW), as a
result, the global index was 386 GW. Leading countries
in this regard are China, Japan, Germany, the USA,
Italy, India, and Great Britain. Japan ranks one of the
most advanced in the world in terms of solar energy
value, mainly due to high capital expenses. The use of
renewable energy sources along with energy storage
also allows us to achieve price stability and equality in
the market. We already have a solar power plant in
Georgia, in a rather strategic free industrial zone, which
is the first important step to the future.

All leading solar energy markets are implementing
large-scale solar power projects with energy
conservation, which is a wonderful experience to adapt
to in Georgia. Renewable energy sources have already
proven their capacity - to improve the resilience and
reliability of electricity networks. Companies are
constantly looking for cheap, environmentally friendly,
and reliable energy sources. Thanks to the driving trends
of development, solar and wind energy are now
optimally equipped to meet all these requirements.
Renewable smart cities consider these demands as an
integral part of their strategy, and we need to set the
same goal as well, as the use of renewable energy in
municipal energy expands consumers' access to
electricity while increasing the diversity of energy
supply options available to them, which will be of
particular interest to mountainous regions and
agriculture, as solar and wind energy are already the
cheapest source of energy in the world, with significant
potential.

All of the above require proper assessment and analysis
to reach the most reasonable and favorable conditions.
D. Kbiladze's work discusses the topics of assessing
economic outcomes and social progress, which is based
on J. Stiglitz's report of the commission which analyses
the methods of evaluation and not the economic
measures. We think that these methods will help us
achieve the desired goal.
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"Statistical measurement of sustainable development
should be guided by the system of national accounts
(SNA). It is the internationally agreed modern system of
economic information, which is used to analyze and
regulate the market economy at the macro level in the
country. The most important indicator in measuring the
relationship between economic and environmental
indicators is GDP*®,

UN goals 2030. According to the goals proposed by the
UN, by 2030 energy will become more sustainable and
affordable:
7.1 To provide universal access to affordable,
reliable, and modern energy services by 2030.
7.2 By 2030, the share of renewable energy in the
world energy mix to be increased significantly.
7.3 The global rate of energy efficiency
improvement by 2030 to be  doubled.
7.4 A To deepen international cooperation by 2030
to promote clean energy research and technology,
including renewable energy, energy efficiency, and
advanced and clean fossil fuel technologies, and to
promote investments in energy infrastructure and clean
energy technology.
7.4 B By 2030, to expand the infrastructure of
developing countries, especially less developed
countries, small island developing countries, and
landlocked developing countries, and upgrade modern
renewable energy services, according to the appropriate
programs.

We would like to present some facts that will be
useful for data processing:

» 13 percent of the global population still does
not have access to modern electricity.

»  Energy is the dominant contributor to climate
change, which is about 60% of total greenhouse gas
emissions.

* In 2012, indoor air pollution from the use of
combustible fuels for household energy caused the
deaths of 4,3 million people.

* In 2016, the share of renewable energy sources
grew at the fastest pace since 2012, up to 0,24
percentage points, and reached almost 17,5 percent due
to the rapid growth of hydropower, wind, and solar.

Conclusions

1. Energy resources can be divided into two
categories - renewable and non-renewable. The first
includes water, sun, wind, and the second - coal, oil,
natural gas. In terms of the use, there is a so-called

3 D. Kbiladze, Statistical aspects of economic growth and
social status measurement. Publishing ,,Universal, 2012.
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traditional and non-traditional (alternative) energy.
Traditional includes hydro, thermal and nuclear energy,
non-traditional - helio (solar), eolo (wind), geothermal
water, biomass energy.

2. Nowadays, the increasing pace of equipment and
technology development allows us to use solar energy
more efficiently than it was possible in previous years.

3. Through solar power plants, it is possible to
convert solar energy into thermal or electrical energy,
therefore, it is possible to distinguish between solar
thermal installations and solar photocells (solar panels).
The heat and electricity obtained from these installations
can be used in the long run for both household and
energy purposes.

4. The earth receives 500 times more energy from
the sun than it is used in energy systems around the
world.

5. The main advantages of solar electricity and heat
are: reduction of dependence on imported fuel,
improvement of energy supply diversity, saving of
scarce natural resources.

6. The annual sunshine duration in most regions of
Georgia varies from 250 to 280 days. The total annual
solar energy in the country by region is 1250-1800 kWh
on 1 sg. m area, while the average energy on the same 1
sg. m is equal to 4,2 kWh per day. It means that
theoretically, the sun gives out enough energy for one
average family on a 1,5-2,0 sq. m area of the earth.

7. A study published in Berlin®* mentioned the
unfortunate fact that despite the high levels of solar
radiation in Georgia, the government has no plans to use
solar panels, however, the statistics provide quite
favorable conditions for investors.

8. As described in the publication, another important
factor indicates Georgia's potential in terms of
renewable solar energy: The European Bank for
Reconstruction and Development has announced a
tender in 2019 for the selection of consultants/advisors
in various areas of solar renewable energy. Through co-
financing, they have also contributed to those who want
to consume high-efficiency energy  products.

9. The supply of solar panels to mountainous areas
has begun in 2014, under the project - "Electricity to all
Villages". This project was re-elected after the
Government of Georgia announced in 2019 "Strategy
for Development of High Mountain Settlements 2019-
2023".

10. With these small steps, it will be difficult to get
an effective result in the short term. According to UN
goals, the need for a 100% result by 2030 is inevitable,
and there is less and less time left until 2030, and we
waste more resources.

4 Lucas Schimming, Tatiana Andreeva, Hendrik Meyer,
Christoph Urbschat, eclareon GmbH — ,ENABLING PV in
Georgia”.
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Annotation. This article summarizes the issues, challenges and implications of the COVID-19 pandemic on supply-
chain activities globally, with an emphasis on the energy sector. The paper also provides strategies and insights into the
risk mitigation opportunities for the supply-chain disruptions brought on by the impact of the pandemic. Supply-chain
resilience is critical to economic recovery and in order to effectively mitigate the impact of COVID-19, companies must

deploy innovative measures across the value-chain.
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Introduction: Global supply chains have always been
vulnerable to the risks associated with unpredictable and
long-term events such as natural disasters, trade wars,
pandemics, political instability, etc. The coronavirus
pandemic has disrupted global operations in all sectors
and industries of the economy. The disruptions are
largely due to blocking measures that countries have
adopted and implemented globally as a strategy to
combat the spread of the pandemic. Production halts,
movement restrictions of people and goods, border
closures, logistical constraints, as well as the slowdown
of trade and business activities are the result of COVID-
19 lockdown measures.

The COVID-19 pandemic, which started in Wuhan,
China, was first officially registered at the World Health
Organization (WHO) China office on December 31,
2019. As of May 4, 2021, more than 153 million cases
have been reported, of which more than 3.2 million have
died [1]. The emergence of the virus in China, which is
one of the major hubs of manufacturing and distribution
globally, has had a major impact on the supply of
finished and semi-finished products to countries around
the world that are logistically linked to China.

As was clear at the Federal Energy Regulatory
Commission’s (FERC’s) July two-day virtual technical
conference to assess the pandemic’s impact on the
energy industry, COVID-19 has introduced multiple
uncertainties for the power sector [2]. Summarized by
the North American Electric Reliability Corp. (NERC),
the most crucial risks posed by what it called a “people”
event, focus on maintaining critical staff needed to
operate and maintain the bulk power system (BPS) and
mitigating supply chain issues. The latter, as the Edison
Electric Institute’s Philip D. Moeller noted, has been
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vastly compounded by financial troubles posed by
“decreased demand, lower commodity prices, reduced
access to credit and reduced market liquidity, increased
delinquencies, insolvent customers / unrecoverable
defaults, lower and/or more volatile stock prices,
construction delays, and lags in rate recovery” [2].

As a number of participants at the conference pointed
out, supply chain issues haven’t yet cropped up in any
substantial way, mainly owing to rigorous planning by
industry for emergencies affecting the BPS. Pandemic
planning, which is pervasive across the industry, has
also prompted a majority of companies to review their
supply chain needs, and many participants remain ready
to support mutual aid requests. The need for local or
regional hubs has become evident in order to avoid /
mitigate supply chain disruptions. Still, the industry
appears to be bracing for long-term implications, and
NERC itself has warned that constraints involving
staffing and material shortages could ramp up risks
related to the completion of major construction and
maintenance projects. These risks include potential
equipment and fuel supply chain disruptions.

Georgia's favorable geographical location can be
successfully used in the localization of energy supply
chains. It is not accidental that ACCIONA, one of the
world leaders in the field of renewable energy, is
considering the possibility of developing wind and solar
stations in Georgia [3]. ACCIONA is a world leader in
renewable energy and water management, operating
exclusively in five continents, in 20 countries, in the
renewable energy sector. The company is also active in
the production of wind turbine generators. ACCIONA's
annual revenue is €7.5 billion, and the company
employs more than 38,000 people [3]. The favorable
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investment environment in Georgia for the production
of wind turbine generators and the role of Georgia as a
transit hub in the region and the EU market, attracts the
company.

Supply chain disruption risks are real and have affected
global sub-sectors in varying ways, warned the
International Energy Agency (IEA) in a series of reports
surveying the power sector’s global sub-sectors over the
first few months of the pandemic. Much of the initial
pain came from the sharp slowdown in manufacturing
owing to stringent lockdowns to contain infections.
Early production slowdowns in China, which accounts
for 70% of global photovoltaic (PV) module
manufacturing, posed logistical delays, though these
have since been resolved. Perhaps harder hit was the
wind sector, which saw disruptions from lockdowns in
countries that harbor major manufacturing hubs, such as
in China, Italy, and Spain. It is, however, possible to
replace the Chinese solar panels and wind turbines
required for renewable energy sources with appropriate
local production products which will be further
discussed in this document.

Purpose of the work: The aim of the work is to identify
potential solutions and mitigation opportunities for the
crisis caused by the pandemic. Many countries are
analyzing and reviewing their supply chain approaches,
while international companies are restructuring their
outsourcing strategies to deliver the resources necessary
for internal operations to help mitigate the risks of
external interruptions from lockdown measures.
Governments in developed economies have increased
their appeal to businesses to carefully review processes
that ensure resilience to disruptions in global supply and
industry value chains. There was an attempt in Georgia
at one time to create its own production of microgen
turbines. This experience can be used to develop wind
turbines, which will require financial support from the
government.

German brand, iSolar, has been successfully operating
in Georgia for three years already. The company
officially opened the largest factory in Europe, which
produces solar panels, in 2019 in the Hualing Free
Industrial Zone, in the city of Kutaisi [4]. The factory’s
annual capacity is 500 megawatts, and the firm’s total
annual capacity exceeds 1 gigawatt. "Each installation
by iSolar in Georgia is done by local staff,” said
Alexander Meyer, the company's founder and CEO. The
company wants to have a close relationship with each
interested individual or business. At the same time, it
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realizes that a large part of the Georgian economy is
dependent on tourism and agriculture, and because
today there is a problem of energy supply and irrigation
in different regions of Georgia, iSolar promises to solve
this problem at a very reasonable price by introducing
and promoting high quality solar panels. In carrying out
the task, the brand has an advantage in terms of logistics,
as the factory is located in Kutaisi (airport, sea and river
transport, etc.)

At the end of March, the Global Wind Energy Council
said its forecast of continued growth across the next five
years—more than 355 GW of additions—would
“undoubtedly be impacted by the ongoing COVID-19
pandemic, due to disruptions to global supply chains and
project execution in 2020.” The IEA warned that
challenges remain for the industry. “Before the crisis,
equipment manufacturers faced financial pressures, with
tighter margins stemming in part from competitive
bidding and lower renewables prices,” it said. Given
new uncertainties, some governments and utilities are
delaying procurement, which means reduced order
books and cash flow for suppliers. While it’s too soon to
assess a long-term impact, some analysts suggest that in
the immediate future, several entities may shift priorities
and business models, looking into repowering existing
assets, for example, and adopting more flexible payment
terms.

Thematic part: Information is growing daily about how
the Covid-19 pandemic affects supply chains and
disrupts manufacturing operations worldwide. The most
vulnerable companies are those that rely on Chinese
factories for parts and materials. Historically, pressure
to reduce supply chain costs encouraged companies to
pursue strategies such as lean manufacturing, offshore
services, and outsourcing. Such cost-reducing measures
mean that in the event of a supply chain breakdown,
production will quickly stop due to lack of parts. Most
global companies have limited visibility into all the
moving parts in their supply chain.

In the near future, the cost of supplies from China may
increase due to overtime and congested freight costs. It
will be crucial for companies to identify alternative
supply sources. Entrepreneurs around the world are
under increasing political and competitive pressure to
increase their domestic production and employment in
their own countries, reduce or even eliminate
dependence on risky sources, and reconsider their use in
effective manufacturing strategies. Once information on
the epidemic is received, it is likely that the competitive
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leader in supply chain will move to more complete
proactive modeling of operations. Companies need to
analyze their supply chains more deeply and
systematically.

Based on the latest information, the production of
photovoltaic panels required for the conversion of solar
radiation into electricity has started in Georgia.
Government incentives should ensure the intensification
of activities in this direction.

Conclusion:

Improving the visibility of supply chains

Companies should deploy supply chain visibility tools
to provide line of sight to capacity constraints into first,
second, and third-tier suppliers. [5] This will allow
global manufacturers to get more complete information
about where components are coming from for their sub-
assemblies.

Modeling new risks and costs

Business leaders should also consider how new tools
and technologies can deliver more intelligence. For
example, risk assessment tools using machine learning
can find templates that indicate risks or opportunities for
macroeconomic, geopolitical, and global health,
exchange rates, and other data. These tools can also
quickly model alternative supply and transportation
scenarios.

Big Data and Data Analytics can transform supply
chains. “The three biggest benefits for using big data
within supply chains are traceability, relationship
management (e.g., better customer service), and
forecasting/predictability,” states Thomson Reuters
report [6]. “The benefits of traceability are obvious.
Knowing where your goods are located at any point of
the supply chain, being able to predict or be notified of
supply chain disruptions, and having contingency plans
to address these issues have an enormous impact on
profitability, resource planning, and customer
satisfaction.”

Concentration on endurance

The COVID-19 explosion may lead to the readjustment
of long-term supply chains to create sustainability. The
long, lean and low-cost global supply chains that have
dominated the last few decades will never be the same
again. Offshore production by low labor cost countries,
which at one time was profitable because of price,
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efficiency and speed, found themselves vulnerable to
extreme shocks of pandemic-like supply and demand.

"Before the pandemic, companies had been very
successful at cutting costs dramatically from the supply
chain with practices like lean manufacturing,
outsourcing, and consolidation," said David Simchi-
Levy, a professor of engineering systems at the
Massachusetts Institute of Technology (MIT) and
director of the MIT Data Science Laboratory [7]. "All of
these strategies have allowed them to reduce value, but
dramatically increase the likelihood of risk."”

The earlier strikes on supply chains were temporary, and
remedial. But COVID-19 hit everywhere at once and an
unprecedented situation presented itself: borders were
closed, factories were closed, transportation was
stopped, workers were locked in homes and companies
were unable to ship goods. Global supply chains broke
down.

Risk management has never been a high priority.
However, it is now necessary to focus on risk
management, as resource depletion and the climate
crisis will lead to wider and more frequent global shocks
in the near future. The topic of global supply chains has
never been more relevant.

There are two main dimensions to consider:

1. Recovery Time: The time that each node -
supplier facility, distribution center or transport node -
will need to be after a complete breakdown. By
removing an item from the supply network during the
recovery period, the firm can estimate lost sales,
revenue, or margin.

2. Survival time: The maximum duration during
which customer demand can be met by existing stock.

The relationship between these two measures helps to
identify the hidden risk. For example, if the recovery
time of a given facility is longer than the survival time,
supply chains will not be able to meet demand without
a backup plan. Companies can use digital tools to
simulate disruptions and identify potential problems,
allowing them to assess the cost of disruptions and
prepare mitigation plans for the most critical parts of
supply chains [8].

The main benefit of having local suppliers is that they
can be more reliable, responsive and visible. Not only is
it possible to develop individual relationships with local
suppliers and meet on a regular basis, but the tools
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available for collaboration are less complicated. This
also reduces the overall risk. Companies can simulate
shorter supply chains and determine where the risks of
supplied extended global chains can be reduced by
increasing localization.

One trend that may work in favor of switching to local
suppliers is that the labor value advantage that
companies previously found from countries such as
China has deteriorated. Most organizations try to
increase the number of their suppliers, potentially
reduce redundancy, while suppliers are close to their
business - this is an attempt to reduce the risk associated
with pandemics and global trade and ensure supply
continuity.

More than half of the 341 manufacturers and retailers
surveyed by the logistics provider's equal group said
they had problems with production and distribution
activities and were forced to consider alternative
agreements [9]. Now one-quarter plan to move certain
operations out of China over the next three years. But
just moving production closer to market demand does
not provide durability. Organizations therefore need to
conduct stress testing on their chains.

Companies can also segment supply chains with some
products aiming for cost and efficiency while others for
durability. Many American companies analyze that they
can buy products made in China from other low-cost
geographies, such as Mexico [9]. Or companies may
choose regional suppliers that are more expensive but
have reduced logistics costs and provide less risk of
disruption as we have seen in the case of a pandemic.

In this respect, Georgia has a very favorable geographic
location. As a link between Europe and Asia, and a
country close to the port, Georgia has the potential to
rise to the forefront as one of the main hubs to strengthen
European companies. It is imperative to take advantage
of the current situation and make Georgia attractive as
an investment for large and powerful companies. In this
regard, the Georgian government should consider ways
to encourage sustainable companies to invest in
Georgia.

Significant scientific-engineering potential was created
in Georgia for the planning and production of hydro
turbines for micro-hydropower plants at the Thbilisi
Aviation Plant. Today's capabilities have not only
significantly improved it, but also have made it usable
for wind turbines. The following two pieces of
information confirm this:
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1. Adigital model for a prototype of a micro-HPP
turbine wing prototype was created using the 3D
scanning service through a cycle scanning machine
(PCB) in the Fablab of the Technopark of the Georgian
Technical University [10].

2. “Wind Turbines with Georgian Wings" - is a
name of the project that was among the finalists of the
Millennium Innovation Award. It is based on the
production of polymers (high molecular weight
compounds) from Georgian raw materials and then the
idea is to make Georgian turbine wings [11].

We can no longer rely on data from the past to predict
the future. Among the practices that need to be reviewed
is the use of historical data to make decisions. On-
demand forecasting allows companies to manage supply
chains in real time.

Real-time data supply of existing statistical models was
found to be the best indicator, eliminating the historical
biases permeated in them. By using machine learning,
companies will be able to better anticipate rapid changes
in demand. Today it is a pandemic, but tomorrow it may
be another unexpected event.

Using such integrated capabilities, in addition to
machine learning, businesses can analyze better real-
time supply and demand scenario planning and optimize
their supply chains [12]. Through automation,
organizations can collect and analyze in real time to
provide the hyper-localized visibility needed for
production and distribution under expansion or contract.

The pandemic has brought some companies to the brink
and many more are struggling to survive. Demand for
some products may be lower for some time. Many
businesses will focus on analyzing supply and demand
shifts, and mitigating them, as well as figuring out how
to get employees back to safe and productive working
conditions.
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Annotation. Sustainable development of a mining company is affected significantly by principals of external economic
environment that is local, national and global economies. The problem of choosing a model of sustainable development
of a mining enterprise is determined, which makes it possible to predict the trajectory of its development in the short
and long term, the choice of optimal solutions. The actual balance between economic, ecological and social sectors of
mining company development is influenced by many factors intrinsic to developing countries. The following impact
factors can be outlined among others. A vertical between lowest company level and highest national economy level of
sustainable development is not introduced yet. Rapid changes of politics that are as unexpected as close to uncertainty
usually come with changes of current pattern of stakeholders’ diversity that has negative impact on strategic planning.
As a consequence sustainable development framework need to be improved for the mining company purposes. In turn
achieving its sustainability requires a new approach to strategic planning, monitoring and reviewing activities of the
mining company as sustainable development applies for sustainable management. Therefore running mining company
in a sustainable way means that interests of all economic agents are met optimally subject to constraints on sustainable
development principals, lifecycle of the company is as long as possible and its profitability is resilient to unfortunate
costs. It is proposed to manage the mining enterprise in order to ensure its sustainable development on the basis of the
principle of sustainable development based on the value of the object. The main purpose of this method is to monitor
production costs in order to reduce them and redistribute overhead costs. In this case, the object of cost accounting
(function, process, cost generation center) differs from the object of costing, which represents products and services.
Thus, the integration of these provisions in order to adapt to the harmonious development of the mining company can
help resolve the conflict between the principles of sustainable development and the rules of a market economy.

Key words. mining enterprises, management, sustainability, development, energy economy.

Introduction. Exploring the core essence of of the industrial enterprise Forrester D. [17], simulation
sustainable development namely its principals and model of sustainable development of small and
concepts, analyzing relationship of sustainable medium industrial enterprise  Maligina  S.N.,
development and other economic theories and studying Abalimova D.M. [11], cognitive map of sustainable
current ideas of how to make mining companies to development of the city Petrikova E.M. [14]. Thus, the
growth sustainably provide some insights into analysis of sustainable development models presented
contradictory connection of sustainable development in the scientific literature allows us to conclude that
itself and mining company activities within the market representatives of European scientific schools pay
economy. As we see it these contradictory challenges more attention to building graphical models, while
remaining untaken up prevent mining companies from scientists from other countries focus on mathematical
adhering to balanced economic, environmental and modeling of socio-ecological and economic processes.
social interests in practice and disallow to put The arm of the article is to determine the
economic, social and ecologic sectors of internal and possibility of managing mining enterprises in order to
external environment together around the mining ensure their sustainable development on the basis of
company providing its integration into local and the principles of sustainable development and the rules
national economies. of a market economy.

Analysis of recent research and publications. Results. The first challenge could be described as
Existing models of sustainable development, which fundamental contradiction between postulates of the
under certain modifications can be applied to mining market economy according to which mining companies
enterprises, can be divided into three classes: perform and managers’ estimation of a level of
mathematical, graphical and combined models. importance and significance that social and
Among them are the following: the model of global environmental projects are of. As a consequence it
sustainable development of Phillips J. [5], the model of mirrors their attitude to such projects which in such
sustainable development of the enterprise Krainka D., case do not occupy priority positions among company
Glavik P. [2], the model of sustainable development of goals. Saying reverse sustainable development process
cities Marquez B., Espinoza-Fernandez 1. [2], model of is considered by managers and owners of assets to be
sustainable development  of underdeveloped of high cost and low benefit.
communities Angulo F., Olivara J. [3], cognitive model At the same time a mining company is committed
of sustainable innovative development of enterprise to the market economy rules and recognizes benefit as
Bogatikova V.M [7], cybernetic model of functioning the only one driver for its activities. Unfortunately
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usual results and outcomes of ecologic and social
projects benefit society as they are services provided in
education, health, culture and rest sectors without
direct financial profit for a company.

Not having a clear measurable indicator to
evaluate positive effect of their impact on the company
image or market value makes sustainable development
projects to be evaluated abstractly and subjectively.
Rising in market value of sustainably developed
company and its climbing up to the top of ranking
among different companies are worth moving towards
sustainability if the company is actually a corporation,
being sold and meets eligible financial criteria to be
finally ranked. Otherwise social and environmental
projects require to be financed at the expense of the
company with reducing the profit gained. By extension,
alternative cost of such projects accounted as virtual
effect that would be achieved due to financing other
economic business may exceed ecologic and social
effect as assessed by experts and seen after sustainable
development measures. All this pushes risks that the
company will refuse to take social and ecologic
projects up especially under conditions of new top
management board or new owners being introduced or
particularly without any government subsidies being
provided.

Thence the conceptual platform for sustainable
development of mining company is required to
integrate the process of sustainable development itself
into market economy model to ensure that the company
benefits from being committed to sustainability
principals and that such benefit is clearly measured in
money equivalent. Globally there is a good example of
it concerning artificially made world market for quotas
on CO; emissions according to Kyoto Protocol where a
company is able to sell unused quotas to other
demanders secured after implementing innovative
green technologies. In such the case green technologies
become an investment project with certain level of
profit.

It was found that a mining company by its nature
violates the principles of sustainable development not
only during active operation stage of its life cycle, but
also after its liquidation as an economic entity.

Then a dilemma arises. It is proposed to think it of
as a dilemma of transitioned stability roll in the
development of the mining company (Sustainability
Roll in Transitive Mining) (Fig. 1).

The economic essence of sustainability roll
observed during the development of the mining
enterprise can be determined as a concentration of
resources to perform more tasks in one or two areas —
that is, economic, social and environmental. It
accordingly allows satisfying the interests of certain
groups of stakeholders to a greater extent than others.
If a mining company is active in the economic area,
then its standing could not be called absolutely
sustainable due to the significant ecosystem disruption
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(social and economic sustainability roll). In turn, the
termination of the process of destroying the ecosystem
causes social and economic shocks in the territorial
development (environmental sustainability roll).
Therefore, in this regard, it can be concluded that both
the actual mining activities and its termination shall not
contribute to the achievement of sustainable
development of internal and external environments of
the company. This precedes the question of the
possibility to ensure sustainable development of a
mining company even after its liquidation, as an
economic entity.

Sustainability roll is a dynamic characteristic of
the mining enterprise development, which is explained
by its shift and especially clearly observed in the
transition from active mining enterprise economic
activity to its termination. This suggests that the roll of
the enterprise agile in time. At different points of time,
at different stages of development of the enterprise we
can see deterioration in the economic, social or
environmental internal and external subsystems of the
company due to a specific variant of the reallocation of
resources.

Taking into consideration all said above, we can
formulate the following provision to complement
existing theoretical foundations for sustainable
development of the mining enterprises. Sustainability
in the development of the mining company does not
disappear or appear as a permanent feature because the
company always has internal economic, social and
environmental impact and is always integrated into
external upper system. However, the efficiency and
effectiveness of sustainable development of the mining
enterprise depends on the harmonious interaction of
these areas. It is reflected in the roll of sustainability of
mining enterprise that is changing in the transitional
stages of its operations. Mining company after
termination of economic activity also has a roll of its
sustainable development at a post-termination stage.

The second and the third contradictions are
relevant to life cycle and basic activities of a mining
company. In fact mining company according to the
core essence of its activities breaks principals of
sustainable development not only during the mining
process itself but also after being abandoned and
closed. Herewith closure of the mining company means
as finished mining process so terminated legal entity
status. Then the dilemma could be found in mining
company sustainable development and overall
performance. It is offered to consider that dilemma
under the name of Sustainability Roll in Transitive
Mining. Further description of it may be encapsulated
in the following statements.

At the moment of terminating the process of digging
resources which is the point of actual transition of the
mining company from being a mine to uncertain phase
of its life cycle a special phenomenon of changing
sustainability roll or such roll’s occurring could be
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observed in interaction of economic, social and
ecological internal and external systems of the
company. The economic nature of the sustainability
roll allows defining that the mining company is rolled
when resources are concentrated to achieve goals of
one or two of three balanced sectors of the company. If
it is so, economic interests of certain stakeholders are
satisfied more or in a better way.

During intensive mining development of the mining
company cannot be identified as sustainable absolutely
because of dramatic impact on environment. It is
therefore social and economic sustainability roll.
Destroying environment comes to a stop when mining
is recessed. But then social and economic shocks of
spatial development occur. It is ecological
sustainability roll. Thus as mining company activities
so its closure does not contribute to absolute
sustainability of interaction of internal and external
systems. Consequently a principal question arises
whether it is possible to achieve sustainable
development of a region or territory where mining
company is situated even after its status of legal entity
being terminated.

Sustainability roll is a dynamic feature of mining
company development that is shown due to its changes
occurring at the moment of cutting extraction of
minerals off. Hence sustainability may be supposed to
roll over time that is different phases of the mining
company life cycle can suffer economic, social and
environmental slowing down caused by certain model
of production factors’ distribution.

In addition to current theory of providing
development of the mining company according to
sustainability principals the following items can be
delivered. The mining company sustainability does not
appear and vanish but is a permanent for it as the
company always has internal economic, social and
ecologic environment as well as always is integrated
into local (regional) equal systems. But the extent to
which sustainable development of the mining company
is beneficial economically and efficient socially
depends on the level of harmony met by economic,
social and ecologic systems in their interacting.
Particularly this harmonic interaction can be described
by means of sustainability roll that changes during
phases of transition. As mentioned above, the mining
company also has sustainability roll even after
terminating the process of digging minerals and such
roll is stuck to post closure phase.

Let’s consider in details contradictory challenges
arising from mismatch of sustainable development
principals and mining company market activities over
phases of mining and its stop as well as negative
impact of these contradictions on the company itself
and local economy.

Primary activities of the mining company for
extracting not renewable natural resources come into
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conflict with the sustainability principal to save nature
for future generations. But keeping existing reserves of
not renewable natural resources unused that requires a
rapid closure of mining company along with complete
their exhausting lead to a necessary closure of mining
company identically.

As a consequence mining company closure
directly affects spatial depression while sustainable
development supposes economic systems to be
developed in a long period to provide high life
standards on those territories.

The mining company liquidation requires new
investment projects to be found by the owner. For
employees it means losses of their jobs. By extension,
environment destroyed through mining need to be
recovered or otherwise it is the company that has sole
responsibility for it and nothing excludes liability for
its fraud.

Contradictions pointed out above make risks of
shaping or exacerbation of economic, social and
ecologic spatial depression with deprivation of source
of financing state and local budgets, pushing up
unemployment, resettlement and reeducation of miners
including members of their families, worsening
ecology and having risks of territorial flooding and
underground gas methane explosion.

Thus the concept of mining company sustainable
development must suggest its life cycle extension
through diversifying its activities in a way that ensures
absence of sustainability roll particularly during the
process of transition from digging minerals to its
termination.

The forth conflict item is that socially and
ecologically important objects of external environment
are not integrated into the model of the mining
company particularly into the legal one. But at the
same time sustainable development suggests that
economic, social and ecologic systems to be closely
related. As rule social and ecologic objects are local or
the state property so they are not included into the
model of the mining company and don’t meet
distributed company’s resources. However the
company is relatively responsible for such objects
development to achieve its own sustainable
development. In this connection a strong factor of
interpersonal agreement between owners of the
company and social and ecologic objects is to be found
that in different cases drives or slows down
redistribution of resources for these objects.

Consequently  uncertainty of organizational
hierarchy and lack of rights and liabilities of the
company to run social and ecologic objects located on
the nearby territory reserved by law make such objects
to be considered by the company only as ones for
sponsorship in case of appropriate profit and owner’s
wish.



IIT Lsg®omsdemtobim bsdggboghm-Egdbogzmeo 3mbggmabsos "gbgMag@ozol msbsdgmmgy 3Gmdergdgdo
@5 35000 3505§93930L 3bgd0", MdoEOLo, bygsGmggwm, 2021 fiemol 7-10 ogbobo
IIT International Scientific and Technological Conference "Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, June 7-10, 2021

A point of time when a mining
company is in transition from
workina to being close

Environmental
Sustainability Roll — social
and economic shocks caused

Working mining
company

Social and Economic
Sustainability Roll —
natural landscapes are
destroyed and resources
are exhausted instead of
saving them for future

Fig. 1. Sustainability Roll in Mining Transition

For regional economy this contradiction means
loss of stable finance source for maintaining social
infrastructure and objects of ecologic safety, their
destroying and high dependence on decision of
company’s owner. Thus the concept of the mining
company sustainable development must suggest that
social and ecologic objects should be integrated into
the company model in a certain way.

Conclusions

The above analysis of the existing contradictions
between the principles of sustainable development and
the principles of the mining enterprise allows to
propose to manage the mining enterprise in order to
ensure its sustainable development based on the
principle of sustainable development based on the
value of the object. It should be noted that in the
context of the article, the approach of sustainable
development based on object value does not apply to
the widely used in practice costing based on activities,
process accounting, accounting center responsible,
which demonstrate methods of cost accounting in
general.
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The main purpose of these methods is to monitor
production costs in order to reduce them and
redistribute overhead costs. In this case, the object of
cost accounting (function, process, cost generation
center) differs from the object of costing, which
represents products and services.

In contrast to these approaches, the proposed
approach to sustainable development aims to analyze
the economic activity of the mining company to ensure
its sustainable development in order to find and use
reserves to enhance the harmony of economic, social
and environmental systems by eliminating the above
principle of sustainability.

The integration of these provisions in order to
adapt to the harmonious development of the mining
enterprise can help resolve the conflict between the
principles of sustainable development and the rules of a
market economy.
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Annotation. The article is devoted to identifying the features and priority areas of technological development of electric
power companies in the context of globalization of economic processes. The main factors influencing the direction of
technological development of world leaders in the power industry are identified as: the interests of the board of directors,
the behavior of market subjects, consumer sentiment and competitive pressure. The need to change the energy sector of
Ukraine, which can become an important factor in its socio-economic development is substantiated. The article can be
recommended to specialists in the field of theory and practice of management of technological development in the electric

power industry.
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world leaders in the energy sector.

Introduction. In the 21st century, electricity
markets around the world have changed significantly as
market forces have increased in the supply and
distribution of energy. Markets have become open, a
large number of competitors have emerged, mergers and
acquisitions have taken place, businesses have become
more rational in their operations, technologies have been
improved, and consumers have become more
demanding for new functions.

There are various electric power companies
operating all over the world: small and large; public and
private; specialized in one direction and integrated;
local, regional, national and international ones. There
are more than 7,000 sites in over 170 countries in the
distribution network alone. The world's largest energy
companies in terms of asset value, revenue and number
of consumers include: NextEra Energy, Enel, Duke
Energy, Dominion Energy, Iberdrola, Southern
Company, National Grid, Engie, Exelon, EDF, AEP.
The following energy companies can be distinguished
on the European continent: EDF, Iberdrola, Enel, Engie,
E.ON, Fortum Naturgy, EDP, RWE, Orsted, National
Grid, SSE [1].

Many international electricity companies have
already moved far from their old business formats. Some
of the world's leading companies in the energy sector
have reorganized certain segments in the value chain,
usually based on technological development.

In the past, it was challenging for utilities to
innovate in technological development. Some of them
focus on applied research and development, which is not
in line with the goals of technological development
today. In the past, R&D tended to focus on the
assessment and application of technology, rather than
developing an innovative model that could lead to new
sources of increased energy production costs.

The subject of the article is the technological
development of the world electric power industry.
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Purpose of the work. The purpose of the article is
to determine the factors influencing the direction of
technological development of world leaders in the
electric power industry.

The theoretical and methodological basis of the
study is the scientific development of domestic and
foreign scientists related to the substantiation of an
effective mechanism for the technological development
of the electric power industry, legislative and regulatory
acts of Ukraine in this area, materials of specialized
international scientific conferences and symposia.
During the research, the following methods were used:
groupings - to assess the degree of implementation of
innovations and scientific and technical developments
of world leaders in the electric power industry on the
European continent; generalizations - to determine the
factors influencing the direction of technological
development in the electric power industry.

The need for technological development in the
context of globalization of economic processes causes
fundamental changes in the formation of the vector of
development of the global electric power industry,
revealing new business opportunities that increase the
importance of energy companies and their value for
customers.

For most of the world leaders on the European
continent, technological development is one of the main
strategic priorities. Eight of the twelve world leaders in
the electric power industry on the European continent
are adherents of innovation and scientific and technical
development, while the rest of the electric power
companies are just forming their competencies in this
direction (Figure).
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At an intermediate Mature

At the initial stage:

: stage: companies:
Ors(t}eﬁaNSa\élgnal Fortum Naturgy, EDF, Iberdrola,
! EDP, RWE Enel, Engie, E.ON
Figure. The degree of implementation of

innovations and scientific and technical developments
of world leaders in the electric power industry on the
European continent [1]

Note: The score is calculated taking into account the presence
of centers of innovation development, scientific and technical
development, and presence in four areas of value creation of
an electric power product: distributed energy resources, smart
homes, electric vehicles, industrial and commercial energy
services.

Let us consider the main factors influencing the
direction of technological development of world leaders
in the electric power industry: the interests of the board
of directors, the behavior of market actors, consumer
sentiment and competitive pressure.

The board of directors critically evaluates the
performance of the contractors: how the directions of
their technological development take into account the
vector of market changes, business models,
modernization of infrastructure facilities and growth
potential. The directors have a major influence on
creating the proper content, defining the boundaries and
priorities of the direction of technological development.

Similar to the issues considered by the board of
directors, investors focus on the issues like the relevance
of the chosen direction of technological development, its
validity, priorities and consistency of elements.

The emergence of scientific and technological
developments attracts the attention of market players
and strengthens their expectations for innovative
changes in the field of supply, the development of
transmission networks and their performance. However,
the focus is shifted from the effect of technological
innovation on the use energy.

Consumer sentiments indicate that they are
becoming more demanding in their preferences and
expectations than before. They are reasonably aware
that new technologies enable the choice and
management of infrastructure, control of equipment,
monitoring of consumption, transparency in billing, and
ultimately the ability to control energy costs in general.

Utilities' technological advancements must take
into account the increased knowledge and expectations
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of consumers and offer solutions that relate to
environmental protection, cost reduction and process
simplification. Innovative solutions must provide for a
transition from passive interaction to active
participation, where companies must anticipate changes
in customer needs, not respond to them. Consequently,
a synergistic effect is achieved by combining
breakthrough scientific and technological developments
and changing consumer expectations and behavior.

New, atypical players in the marketplace, be it
original equipment manufacturers, software developers,
platform creators, or related market players offering
energy products, may have a similar advantage. Radical
market changes open up opportunities for new
companies to the detriment of conservative energy
companies.

Equipment manufacturers have a strong
competitive position as they create assets that consumers
demand. Software developers are also well established
because they offer their product based on expertise that
utilities are unable to produce. Management solution
providers act as integrators between technology and
software.

The creators of Internet platforms (Amazon,
Facebook, Google, Apple and Netflix), due to the
accumulated competencies in the field of energy supply
and energy trading, also have a certain position in the
energy markets.

Companies operating in adjacent markets (telecom
operators, infotainment providers, oil and gas
companies, and electric vehicle manufacturers) easily
integrate energy services into their competitive
offerings.

The above factors, influencing the direction of
technological development of the world leaders in the
electric power industry, suggest that the contours of the
direction depend on a large number of aspects. The
planning of direction of technological development
occurs both in the context of the influence of each factor
and a combination of these factors.

The identification of these factors brought to the
fore the problem of the development of Ukrainian
electric power industry within the framework of
traditional approaches, existing principles and methods,
including technological transformation.

Thus, the energy strategy of Ukraine for the period
up to 2035, according to the development strategy [2],
determines that in order to ensure the possibility of
parallel operation of the unified energy system of
Ukraine with the energy union of European countries, a
significant amount of organizational and technical
measures should be carried out, which will be aimed at
modernization, technological and economic
development of the national electric power complex,
since at this point in time, most of the generating assets
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and power grids are worn out by more than 50% and are
ineffective [3].

New prospects are emerging in the electricity
sector in the context of scientific and technological
integration. More investment is needed to manage grid
assets in the market as we move away from large-scale
power supplies and invest in grid upgrades, which brings
more stable revenues.

Renewable energy innovations around the world
have provided global leaders with a sustainable base for
growth, as government subsidies provide an opportunity
to lower operating costs and achieve higher profit
margins.

New diverse segments of value creation are
emerging, such as management, energy supply (energy
consumption), electric vehicles, home automation, and
increased consumer control over their energy
consumption. Some of the world's leaders are already
betting on the energy services market to generate new
revenue streams as consumers seek to address their
energy challenges in a holistic manner.

Scientific and technical developments are only
gaining momentum among energy companies, and it
will be a long time before companies see a meaningful
result from their implementation. Competent leaders are
already finding ways to improve competitiveness for
their companies through the development and
implementation of various models and the use of
methods that will make it possible to introduce
innovations into the organizational structure [5].

Recently, the world's electricity leaders have been
closely monitoring the development and implementation
of disruptive technology solutions, realizing that the
technology revolution is not abating, but a natural result
of certain suppliers finding solutions to unmet customer
needs.

In the direction of technology development in the
electric power industry, there is a transition from analog
and standardized systems to digital systems, which are
personalized and distributed. Technologies are
becoming miniaturized and applied to meet the specific
needs of utilities and their customers. Moreover,
technologies are reaching a universal level, which
makes it possible for energy companies to apply
appropriate systems to solve various operational
problems. Scientific and technical developments are
actively improving, and utilities should improve their

166

competence in the field of their deployment. The
relevance of technological development will become a
particularly important indicator that allows utilities to
understand how to optimize technology [4].

Conclusions. The article can be recommended to
specialists in the field of theory and practice of
technological development management in the electric
power industry. Changes in the energy sector of Ukraine
can become an important factor in its socio-economic
development. The energy transition will require
significant resources, as well as the need to implement
appropriate structural changes in the economy. The
transformation of the system in the electric power
industry will not only make it possible to modernize the
electric power industry on a new technological,
organizational and information basis, but will also
become a powerful incentive for the innovative
development of related industries, as well as for the
development of energy science in general.
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Introduction. The analysis of the investment project to
be implemented in Georgia includes general
characteristics: in particular, the location of the project
to be implemented, installed capacity, topography,
climatology, noise, socio-economic effect, mode of
operation and seismicity aspects. Following the
enactment of the Public-Private Partnership Act, the
USAID Energy Program and the Georgia Energy
Development Fund jointly developed the Interactive
Renewable Energy Investor Guide to help investors and
developers understand the laws or regulations in place
in Georgia. Based on this guide, the investor makes a
significant financial, technical and operational analysis
and also assesses the potential risks during the project
development, financing, construction and operation [1].
Aim of the work. The purpose of this paper is to
introduce stakeholders to the laws and regulations
without which investing capital is a big risk. Legal
Framework - Construction and operation of
hydroelectric power plants must pay attention to the
following laws:

» Resolution of the Government of Georgia Ned26
“On Approval of the Rules for the Development and
Implementation of a Public-Private Partnership
Project” (August 17, 2018);

» Law of Georgia on Public-Private Partnership (May
4,2018).

» Law of Georgia "Environmental Assessment Code"
(June 1, 2017);

» Resolution of the Government of Georgia Ne 57"On
the procedure for issuing a construction permit and
permit conditions™ (March 24, 2009);

» Law of Georgia on State Property (July 21, 2010);

» Law of Georgia on the Cost of Acquisition of
Replacement Land and Compensation for Damage
Caused during Non-Agricultural Land Allocation
(July 1, 2020);

» Order of the Minister of Justice of Georgia Ned
Approval of the Instruction on Public Registry”
(January 15, 2010);

» Constitution of Georgia;

» Law of Georgia on Agricultural Land Ownership
(June 25, 2019);
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» Resolution of the Government of Georgia Ne 57
“On Issuance of Construction Permits and Permit
Conditions” (March 24, 2009);

» Government of Georgia - Resolution Ne257 “On the
Procedure for Issuing Permits and Permit
Conditions for the Construction of Facilities of
Special Importance (Except for the Construction of
Radiation or Nuclear Facilities) (May 31, 2019);

» Law of Georgia on License and Permit Fees (12
August 2003);

» Law of Georgia on Local Fees (May 29, 1998);

» Resolution Ne255 “On the Rules and Conditions for
Issuing a Construction Permit and Putting a
Building into Operation” (May 31, 2019).

» GNERC Resolution Nel10 “Approval of the Rules
for Network Connection” (April 17, 2014);

» GNERC Decision Ne21/31 “On the request for
connection to the transmission network General and
technic-economic  criteria  for refusal and
methodology for their evaluation ”(March 23,
2017);

»  Ministry of Economy and Sustainable Development
of Georgia-Resolution Ne515 “Approval of the
Rules and Conditions for Submission of Proposals
on Technical-Economic Study, Construction,
Ownership and Operation of Power Plant
Construction to the Ministry of Economy and
Sustainable Development of Georgia, which is not
a Public-Private Partnership Project” (October 31,
2018).

Thematic Part
Topography -This section should describe the
following indicators: Where will be located a power
plant, in which part of the Georgia. In which urban area
will be located the headwork (dam) and the power plant.

Characterization of the river, the total and the portion on

which will be build a power plant. How many kilometers

will cover the dam and reservoir area of river? How
many meters or kilometers will be from a pressure
tunnel to the power station. There are or not mountains

and how much is the height peak of the mountains [2].
Climatology - Which zones (tropical, subtropical)

attributable to the project area, the typical climate

(winter, summer), the data from the weather station
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(meters above sea level) is taken. Zone average annual
temperature °C (showing maximum and minimum),
maximum and minimum monthly temperatures [3].

Hydrology - Descript of the river basin and its
tributaries, where and how they align with the river
flowing, which water flow measure stations data were
used.

Water Flow Assessment - In this section should be
collected the data of the daily stream flow from
measuring station. There is important to taking a long-
term monthly average flow m3/s. After the determination
of the water catchment area (ha) using program ArcGIS
9.3 software application ArcHydro.

Noise -Vehicles generated the noise during the
construction and land preparation activities. dBA —is the
noise assessment unit, at which middle and high
frequencies are particularly well- defined. dBA units,
which are often used to reduce or control noise, is
subjective assessment of noise level [4].

Power Plant Zone - Classification of land area to use
(pasture land, hay, yielding). Biological observations:
some important plant species, or group of endemic
species not existence of the power zone and its vicinity,
is considered one of the main advantages of this project
implementation of the selected location.

Headrace Tunnel - In this section should be
described headrace tunnel depth (m) and length (km)
from the powerhouse to the dam. The difference of
heights (pressure) between these two points (m).

Socio - Economic Environment - Social and
economic consequences that may arise as a result of the
implementation of the project during construction and
operational phases, mainly affecting the area on which
the project and its surrounding area, that is located near
populated areas. For the definition of the socio -
economic environment can be used data from the
Department of Statistics [5].

Type of Power Plant - Before the power plant
construction, there must be assessed ground and
underground PP types. Construction costs can be
reduced to some extent in the case of an underground
power plant construction, as the metallic finish and
tunnel coverings will be reduced. However, a
comprehensive comparison of alternative options should
be assessed in detail. Considering two options, sizes,
unforeseen costs and other expenses are taken into
account. Considering all these factors, cost comparisons
will be made with the summary of each of the two
alternatives [6]:

» Pressure tunnel, powerhouse and output
channels of the surface - type plant;

» Pressure tunnel, power, output channel,
leading to the construction and management of
underground type of power plant.

Operation Mode - In general, there are several
alternative modes of operation of the hydroelectric
projects; basic load, peak load or their combination. In
case of base load mode, all the generators are constantly
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working, except when one is stopped for service or
repair, or lack of flow in the reservoir, which does not
provide enough minimal pressure. In case of peak mode,
the operation stops during the night period, when
demand for electricity is low, usually from evening 8
hour to morning 5 hour. In case of its combination, one
of the turbines is constantly working and others work
depending on demand of the system [7].

Greenhouse Gas Emissions from Water Reservoirs
- Carbon dioxide (CO) and Methane (CH4) cause the
global warming, that is why they are called greenhouse
gases (GHG). Greenhouse gases are produced during
the combustion of organic fuel, but an important source
of their creation could be large volume reservoirs of
hydroelectric power stations, due to the vegetative and
organic waste in it. So the hydro power stations have its
own global warming potential (GWP). The main reason
for the emission of carbon dioxide and methane from
hydro reservoirs is organic Carbon, which creation
reasons are: water vegetation and soil, plankton and
algae, sewage and garbage accumulated on the bottom,
which also is filed with man-made organic compounds.
Greenhouse gas emission level is determined by many
dynamic factors: reservoir parameters and the mode of
the use, natural and climatic conditions, ecological
environment and so on. On the basis of the analysis,
conducted in one hundred hydro power plant reservoirs
located in different parts of the world, revealed that,
overall, the annual emissions of greenhouse gases are 48
megaton of Carbon dioxide and 3 megaton of Methane
[8].

Seismicity an Earthquake Control - The Caucasus is
one of the most seismically active regions in the Alps
and the Himalayas collision zone. The main seismic
activity is caused by crossing the Arabian and Eurasian
plates. Historical and instrumental seismological data
analysis shows that the region has a moderate seismicity.
In this region can be occurred powerful earthquake of
magnitude 7 and micro seismic intensity 1X. According
to an analysis of historical and instrumental
seismological data, the Caucasus characterized by the
so-called moderate seismicity. Recurrence period of
strong events in the area is 1000 years series (ERL-8).
Besides the natural seismicity in such regions where can
construct high dams, should be considered the so-called
Induced seismicity. Induced seismicity occurs when the
reservoir is filled. Usually, the induced seismicity is
medium size, but locally they would have quite large
effect. There must be considered threat of landslides
caused by the seismic events, such landslides can cause
rapid changes in water levels, wave formation, blocking
rivers gorges and flooded buildings. Around the
construction location of power plants should be
established local seismic networks in order to determine
fault parameters of the dam and, therefore, the seismic
hazard [9]. First of all, is need to assess seismic hazard
for planning and control purposes, and undertake control
the construction process of dams and other structures.
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During the strong earthquake there is important the
proper awareness and action of population, on the one
hand, and the rapid response of the government and
special services, on the other hand. Unfortunately, as
demonstrated by recent earthquakes in Georgia, the
earthquake with the average strength, due to the
unpreparedness of the population, caused damage and
casualties (earthquakes in Thilisi, 2002, 2006, and in
Oni, 2009). It is recommended to aware the public about
earthquakes, seismicity of the region and the rules of
behavior during an earthquake. Trainings should be
conducted in schools for the first place. Local
authorities and services (rescue, medical, and others)
Must be prepared for quick response, they should
compose a possible disaster scenarios and action plans.
Creation a local seismic network will analyze seismicity
and active fault research, also determine the quake's
epicenter as soon as possible, strengths and possible
effects. Information should be provided to the relevant
departments for quick response. It is also important to
inform people that they have to act quickly in case of a
strong earthquake, and not panic in case of a weak
earthquake [10].

Impacts On Surface Water - A determining factor
of siltness of mountain reservoirs are solid sediments, in
particular ~ suspended  sediments, which  flow
characteristics are essential. This process are being
arranged in mining areas of reservoirs with particularly
intense rivers. In addition, a source of filling the
reservoirs can be landslide, mudslide and abrasive
processes, as well as transported by wind sediment [11].
Usually, main factor of siltation of reservoirs is sediment
runoff and in mountain reservoir siltation plays a major
role the buoy sediment, that is confirmed by conducted
observations. It should be noted that the reservoirs are
being silt actually faster than it was predicted, so in order
to increase the accuracy of determining the average
annual runoff volume, often used data from operating
reservoirs. To mitigate the impact of construction on
surface water is necessary to carry out the following
activities: Before starting work, the contractor shall
request permission to discharge water from the
construction object; Waste (discharged) water should
not change the receptor of water and the concentration
should not exceed the limit prescribed by law; Measures
should be taken to avoid polluted water (with mineral
and organic particles or hidrokarbons) discharge in
surface waters, especially where the soil layer is
removed;Information about spills of hazardous products
must be immediately forwarded to the appropriate
agencies; Every opportunity of water recycling should
be explored, mostly about the waste water and drainage
water from construction process [12];

In case of absence of municipal water treatment
plant, residual waters from the workers' camps should be
cleaned before they are discharged into the river. In this
case, the mobile equipment of water purification should
be used; Before discharges, waste waters of the land and
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excavation, can be placed in the sump, and then the

hydrocarbon separator; Construction equipment and

technical installations must be in good condition, to
ensure no spill of fuel or oil. Hydraulic systems should
be checked regularly and replaced if necessary;

Vehicles tanks should be filled only in the work place

and not in the zone of flow water; Laundry of machines

and tools must be located in strategic locations of
construction facility, in compliance with the legal
requirements of the Convention; Waste oils, emulsions,
waters with lubricants, sediment mass, the residual oil
from the oil seprators is dangerous and should be treated
in compliance with the Convention; Water from
concrete production and infiltration water with caustic
acidity (PH) should be neutralized and cleaned before
discharge. The cleaned device can work with CO, and

a strong acid; A simple type of toilet for the construction

camp should be made with cement mortar lining to

prevent leakage of sewers into the groundwater [13]. A

simple type of toilet pits should be systematically

cleaned with sanitation trucks; During the construction
shall be installed treatment plants of sewers, with septic
tanks which ensure compliance with the standard;

Regular and proper collection of waste (to avoid their

accumulation on the ground) and place it in landfills that

are consistent with the international standards; During
the the roads construction process should be made the
guardrail (plaited, boards, sandy pockets etc.) In order to
prevent enter of solid material into river; Environmental
protection specialist(s) hiring, which will constantly
monitor the performance of preventive and mitigating
measures and make reports; The laboratory tests

conducted on the water main components [14].

During the monitoring should be used visual
inspection methods: the inspection with documenting of
violations, measurement of the parameters using special
apparatus and instruments and obtained results analytic
process. In order to ensure the protection of water
quality, the construction contractor with the help of
environmental specialist shall ensure monitoring
activities. Should be monitored construction camps,
construction sites and surface water bodies (especially
after the intense rain or snow melting):

v' To check machinery for assurance of properly
functioning before starting work;

v" Solid waste management during the transport and
storage time;

v Permanent quality control for waste water pollution
prevention;

v' Treatment facilities periodically for
functioning;

v' Laboratory analysis of water, spills of pollutants or
treatment facilities after fixing technical problems
[15].

During construction, environmental monitoring should

be conducted regularly, along with the construction.

Operation phase of the project will require the following

actions:

properly
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v" Toclean drinking and agricultural water used by the
power plant maintenance staff (in the case of a
sewerage system failing) in simple treatment
facilities;

v" To make simple facility to determine the quantity
and quality of water discharged from the power
plant building in order to conduct the initial
inventory and permanent monitoring of used water;

v’ Systematic monitoring of seepage water leak from
the base of the hydro power plant dam and regime
to eliminate undesirable events development;

v Appropriate training and instruction of personnel in
environmental issues.

Impact on Hydrogeological Conditions - The process
of underground works of HPP involves: excavation a
foundation of building, construction, removal of the
deeper layers of the soil in some areas, wells,
withdrawal, etc. Implementation of work includes the
risks of undesirable events development, among which
should be noted:

v' The possible crossing of the underground water-
bearing horizons can groundwater capacity change
(decrease or increase) at the nearby of the
construction facilities;

v In the case of spill (or scattering) of oil or other
toxic substances there can be contamination of
ground water, which may eventually lead to water
pollution, especially at construction sites where
groundwater is relatively shallow depth from the
ground surface horizons are located,;

In the power plants location there is naturally high
humidity due to soil and groundwater high levels,
rainfall abundance and etc. Water flow increase during
the work process, will have a hindrance impact on both
the construction and operational process. Therefore is
necessary to conduct waterproofing and artificial
lowering of the groundwater level — drainage, to prevent
flooding of the construction [16].

Groundwater contamination can occur by an indirect
way — if the construction process is conduct in
chemically contaminated soils, and contaminated water
discharge from rain or snowmelt. Groundwater pollution
may also occur during hydraulic connection to their
horizons with contaminated surface waters. From the
above, it is necessary to carry out the monitoring on
groundwater wells hydrodynamic characteristics and
chemical composition.

Conclusion

After the general review of the project and the
evaluation of the technical parameters, if interested, the
investor can conduct a feasibility study for a specific
project. This event is permitted by the legislation of
Georgia and does not require any consent and
permission from the authorities. At the end of this phase,
the investor, along with other important data, should
have information on the amount of investment to be
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made, the capacity of the power plant to be built, the
volume of water resources to be used, the land to be
allocated, the project implementation period and the
estimated cost of electricity generated.
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Annotation. The article “Elaboration of Sustainable Financing Taxonomy for Georgia” represents one more research
of authors, which aims at assistance and promotion of development of green economy in Georgia.

Based on country’s context challenges in connection with green economy development are examined There is
underlined the role and importance of special financing, which will be targeted at the implementation of the projects
promoting sustainable, inclusive and green development. Availability of finances, especially green finances, was
identified as one of the essential challenge on the way to the sustainable economic development.
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Problem Context and Situation Analysis

Modern approaches, based on developed countries’
practice show, that adoption of new type of activities,
which are directed towards the greening of economy, are
necessary for the achieving of economic growth.
Georgia has signed an Association Agreement (AA)
with EU with the aim to promote political association
and economic integration with EU, based on common
values and close links, including by increasing
Georgia’s participation in EU policies, programmes and
agencies.

Among the goals of Georgian green development are:
Conducting of economic policy which ensures
sustainable development of the country;

Introduction of environmentally-friendly, modern
technologies and development of a “green” economy.
Encouragement of FDI-s oriented towards the
introduction of new, environmentally-friendly and
resource-saving technologies.

The analysis of the different activities, programs and
projects dedicated to the sustainable, inclusive and green
development has revealed the necessity of conducting of
awareness rising measures among business circles.
Simultaneously, lack of special financing, dedicated to
the implementation of green projects is a huge problem
in the way to a green economy development in the
country.

Financial system has a key role to play here, as there is
no sustainable development without sustainable
financing, be it public or private. Access to finance has
been identified as a challenge for economy, especially
green economy.

Commercial banks are the main source of SME finance,
but the sector is regarded by lenders as relatively high
risk. Interest rates tend to be relatively high (15%+), as
are collateral requirements (often 200%). Rates offered
in the micro-finance sector are considerably higher.

172

Borrowers often are already over-indebted or lack
sufficient assets against which to borrow. Project
finance approaches are not often used. Leasing and
factoring financial products also remain
underdeveloped. Lack of competence or insufficient
awareness among borrowers, is the real problem in the
mentioned process, as well.

Objectives and Expected Results

In the first place, it is very important to understand how
‘sustainable’ is defined. One of the main challenges is a
lack of clear common definition and classification
system of what is green activity, what type of projects
or businesses might be considered as a green, which
could serve as a bhoost for rising of sustainability of
overall economy of the country. Defining what types of
investments/loans qualify as “sustainable”, also allows
market participants to better align their efforts. It will be
very helpful against greenwashing, too.

Based on abovementioned, the urgent need for
elaboration of clear taxonomy of sustainable finance has
emerged. Availability of sustainable financing
taxonomy will strengthen the role of the financial sector
in the sustainable development of the country and, for
this purpose, will represent a framework for sustainable
finance. This framework implies consideration of social,
environmental, and governance (ESG) issues by the
financial sector and capital market participants, which is
important for financial stability and sustainable
development of the economy.

Adopted Taxonomy of sustainable financing will have 2
groups of main beneficiaries, those are: 1) financial
institutions and banks, which in their decisions to open
special “green” lines of loans for business
representatives, will follow the adopted Taxonomy of
sustainable development for defining “sustainability” of
their projects and 2) companies, who are eager to
implement resource efficient, sustainable, green,
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inclusive etc. projects and for this reason are applying to
financial institutions.

This second group of beneficiaries of the sustainable
financing - companies and businesses — will receive a
simplified process of attaining of “green” financing
lines for their projects. In the process of planning their
activities, they will know precisely, what type of
activities should enclose their business—plans, how
should it be designed to have chance of receiving of so
called green credit lines from financial institutions.

So, we can identifies the main goal of the Sustainable
Financing Taxonomy as rising of financing for as more
number of sustainable and green
activities/projects/programs/businesses as  possible.
Elaboration of sustainable financing taxonomy is
leverage for achieving of this goal. Simultaneously, we
can predict 4 following results, which will assist to the
development of sustainable financing in the country:

«» Awareness rising and capacity building for sustainable

finance market —

Country lacks understanding of risks from short-
termism. There is low knowledge on benefits from
developing of sustainable projects. There is a wide range
of international standards and good practices that
Georgian financial market players may use as guidance
towards sustainable finance. Organizing and facilitating
workshops, trainings and conferences dedicated to the
green economy opportunities are another way for
increasing the awareness.

«*Rising of financial flows to the sustainable, green and

socially inclusive sectors —

By defining what types of investments/loans qualify as
“sustainable”, all market players will be able to better
align their efforts and incentives

ESG (environmental, social and
governance) management into risk-assessment and
decision-making processes of financial institutions and
corporations —

By effectively managing ESG risks and identifying
opportunities alongside these risks, financial institutions
can create long-term value for their business

Enabling financial institutions to make decision more
clearly on financing of sustainable projects/businesses.
Finally, we can say, that Sustainable Financing
Taxonomy is designed to be applicable by various actors
for a variety of financial products.

It reflects the needs of major local users that are
commercial banks and microfinance institutions. The
table below provides examples of potential users,
alongside the possible ways of application.
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Commercial e Use as a guide for

Banks, developing sustainable

Microfinance finance strategies;

Institutions, and ¢ Design and develop

other Financial sustainable finance

Institutions products (such as green,

social, and sustainable
loans and credits) more
easily and consistently;

e Measure and monitor
existing and new
sustainable finance flows
in the portfolio;

¢ Disclose ESG related
information in more
consistent, comparable
manner;

e Enhance ESG risk
management practices;

o Fulfill requirements set by
the Corporate Governance
codes more effectively
(including filling out the
NBG Template for ESG
disclosure requirements);

e Improve efficiency of
sustainable lending and
funding operations;

¢ Reduce transaction costs
by easing identification and
verification process of
eligible assets;

e Decrease uncertainty and

reputational risk.

Use for developing an

eligibility criteria of the

projects;

Identify financial products

that are aligned with

sustainability criteria more
easily and consistently;

o ldentify and select
projects/activities that can
be financed with the green,
social, and sustainable
bonds more easily and
consistently;

¢ Disclose ESG related
information in more
consistent, comparable
manner;

e Enhance ESG risk
management practices;

Capital Market °
Participants (bond
issuers, investors,

etc.) .
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o Fulfill requirements set by
the Corporate Governance
Code more effectively;

o Decrease uncertainty and

reputational risk.

Provide a consistent

reference for standard

setters and product
developers;

e Use as a benchmark for
pre- and post-issuance
impact assessments,
certifying and labeling
green, social, and
sustainable projects, and
verifying the use of
proceeds.

Certifiers, .
Verifiers and

other relevant

actors

Collaboration and stakeholders participation

As it was mentioned above, SF Taxonomy is designed
to be applicable by various actors for a variety of
financial products. Therefore, elaboration process of the
Georgian Taxonomy of sustainable financing, demands
participation of a wide range of institutions.
As the main participants in the elaboration of
Sustainable financing taxonomy for Georgia we can list
following institutions: National Bank of Georgia,
Ministry of Finance, Ministry of Economy and
Sustainable  Development and  Ministry  of
Environmental Protection and Agriculture.
In the initial stage, taxonomies of different states have
been selected for consideration as an examples. On the
second stage, with consideration of Georgia context,
participating experts will define acceptable definition
for Georgia.
Sustainable financing taxonomy with regards of
transport sector, construction and building sector,
energy sector and innovations, are under consideration
of the Ministry of Economy and Sustainable
Development of Georgia.
Recommendations for policy makers
For the purpose of elaborated Sustainable Financing
Taxonomy to become effective and productive from the
point of view of rising of the number of sustainable,
green, recourse efficient and inclusive projects, it is
necessary to implement certain policies.
The recommendations for policymakers are as follows:
e Implementation of legislation on energy
efficiency and renewable energy,
strengthening of enforcement.
e Ensure explicit policy consideration of the role
of SMEs in the green transition.
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e Address wider issues of access to finance for
SMEs, building SME financial literacy,
exploring credit guarantees for SME.

e Lower cost of green credit and improve
borrowing conditions for SMEs by working
with national development funds and
commercial banks.

e Improve the availability, efficiency and
effectiveness of green finance through various
means.

o Raise awareness among SMEs around energy-
efficiency and renewable energy opportunities,
support the uptake of energy management
systems and promote the economic and
commercial benefits of green investment and
branding.

Integration of Sectorial Goals and Conditions
Opportunities abound in Georgia for the use of a green
economy approach. The priority for reaching Green
Growth is to stimulate (green) investments through (1)
the formulation of a strategy that coherently addresses
market development, and (2) through capacity building.
A coordinated approach is needed, starting from
awareness raising and capacity building, then
progressing to the creation of competences on the supply
side and a stimulus to demand, with continuous efforts
in collecting information and data. This is all aimed at
creating the conditions for sustainable and green
business operations, and therefore leading to sustainable
development.

New policies will need to be introduced, existing ones
will need to be leveraged, and certain processes will
need to be modified in order to make full use of the
benefits of the Green Economy approach. These include
the budgetary process, which is currently primarily
carried out at the sectorial level. In this respect, it will
be crucial to highlight the hidden benefits and costs of
each policy, because, among others, these may lead to
improved climate resilience as well as reduced
vulnerability from market drivers.

The Green Economy approach also supports monitoring
and evaluation, which is especially key for the EU
Association  agreement, and for  government
accountability.

It is believed that the development of the Green Growth
strategy, based on the Green Economy approach, will
increase the effectiveness of government interventions,
leading a stronger, more sustainable and more resilient
development of Georgia.
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Factors of electricity tariffs increase and the paradigm of its reduction
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Annotation The article discusses the factors influencing the electricity tariffs increase, methods of tariff
calculation, issues of regulation of tariffs on energy products in a market economy, short-term and long-term
tariff calculation methods and the implementation of state subsidy policies in the field of energy and its negative
impact on the development of the country's economy in order to mitigate the negative impact caused by the
coronavirus. The article presents tariff reduction proposals and the paradigm seen by the authors.

Keywords: electricity tariff, market economy, regulation, subsidy, pricing.
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Training of specialists in the field of power engineering

OueHka KayecTBa U3yYeHHUS Y4eOHBIX AUCHMIIMH B pouecce NpogeccHOHATbHOI
NOATOTOBKHU/MePeNnoAroTOBKY CHEeNHAINCTOB 3JI1eKTPOIHEPreTHYECKOro npopuis

Hartaaesn 3auyena, PhD
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e-mail: zachepa.nataliia@ukr.net

FOpnii 3auena, PhD, monient

KpeMenuyrckuit HalioHaNBHBIN YHUBEpCUTET nMeHn Muxaunia Octporpaackoro, Kpemenuyr, Ykpanna
e-mail: iuriizachepa@gmail.com

Aunekceil YepHblIii, 1.7.H. ipodeccop

Kpemenuyrckuil HaroHanbHbIN yHUBepcuTeT UMeHN Muxauina Octporpanckoro, Kpemenuyr, Ykpanna
e-mail: alekseii.chornyi@gmail.com

Jlapuca I'epacuMeHKo, A.T.H, TOLEHT

Kpemenuyrckuit HalmoHaNBHBIN YHUBEpCUTET nMeHn Muxaunia Octporpajackoro, Kpemenuyr, Ykpanna
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Oxcana Xpe6roBa, PhD
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AHHOTAUMS. B pabome pewaemcs akmyanibHas 3a0a4a OYeHUSAHUs Kayecmea npoyecca 00yueHus npu no02omosKe,
nepeno0comosKy U NOBbIUWEHUA K8ATUDUKAYUU CReYUATUCO8 MeXHUUeCKUX CHeyuanbHoCmell ¢ NpumMeHeHuem
PA3IUYHBIX OPM NpOoBedeHUs 1abOpamopHO20 NPAKMUKYMA OAA NOJYYeHUs HeoOXOOUMbIX HABbIKO8 0e30NdaCHO20
8bINOIHEHUs. MeXHoI02UYecKux onepayull. Paszeum nooxoo x oyeuke 3¢hgpexmusnocmu ycgoenus ungopmayuu,
KOMOpYlll N03605em PopMuposams, pazeusamsv U COBEPUIEHCMBO8AMb O00yUeHUe CNeyuanucmos ¢ npumeHeHuem
UHDOPMAYUOHHO-KOMMYHUKAYUOHHBIX THEXHOTOSUI.

KiroueBble ¢J10Ba: unpopmayuorHvie MexHOI0UY, OYeHKA Kauecmeda 00pa308anusl, eupmyanbHulll 1a60pamopHblii
KOMNJAEKC, Kpumepuii npuobpemens HagbiKos.

Quality Assessment of Academic Subjects Learning in Professional Training / Development of
Specialists in Electrical Energy Industry
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Oksana Khrebtova, PhD
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Annotation. The paper deals with an important problem of quality assessment of learning in professional training,
further training and development of specialists in technical specialties using various forms of laboratory practice to
master necessary skills for safe performance of technological operations.The approach of assessing the effectiveness of
information learning has been developed, which enables forming, developing and improving the training of specialists
using information and communication technologies.

Key words: information technology, education quality assessment, virtual laboratory complex, criterion for skills
mastering.
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BBenenne. CoBpeMeHHOe 00pa3oBaHHE, OCHOBAaHHOE
Ha KOMIETEHTHOCTHOM MOJXOJE  aKTyaJIu3upyer
HE00X0ANMOCTh Pe3yIbTaTUBHOTO 0o0ydeHms.
Mosoioli MHXCHEp CEroiHs JOJDKeH 0aTh TOTOB C
HepBbIX  JHEHM mpeObIBaHMS HAa  MPOU3BOJCTBE
BBIMOJIHATh HEOOXOAUMBIC (YHKIMH JHATHOCTUKH,
HaJllaKu OOOpY/MOBaHUs, YCTPAaHEHUS HEMONAJIOK,
paspemeHuss KOHQIUKTHBIX CUTYaluid U T. 1. ToibKo
BBICOKMH ypOBEHb C(OPMHUPOBAHHOCTH OOIIMX U
CIEINATIBHBIX KOMIIETEHTHOCTEH MOXET CBUAETEIb-
CTBOBATh O KauecTBE MOIydeHHOro oOpazoBanus. Ilox
Ka4ecTBOM 00pa3oBaHMS CHEeNualicTa IOHUMAIOT
COBOKYITHOCTh IPHUOOPETEHHBIX 3HAHWH, YMEHHH,
HaBBIKOB, CBOWCTB, XapaKTEPUCTHUK, CIIOCOOCTBYIOIINX
KBATM(UIMPOBAHHO W CBOEBPEMEHHO BBINOJIHATH
paboTy COOTBETCTBEHHO C MACIOPTOM CIICIHATBHOCTH,
JIEMOHCTPUPOBATh AKTHBHYIO I'PKAAHCKYIO TO3UIIHIO,
NOBBIIIATH TPHOOPETEHHYI0 KBaJH(UKAIMIO, a TpH
HEOOXOIUMOCTH M CMEHHTh mpodeccuto [1]. Axanus
COBPEMEHHBIX HCCIIEIOBaHMH B TEJaroruke aaeT
BO3MOXKHOCTb BBIJENIUTH ILIEJbIH KOMIUIEKC INpOOJeM,
YCIOXKHSIOIINX npuodpeTeHne Ka4eCTBEHHOTO
00pa3oBaHMs: HECOOTBETCTBHE CTPYKTYpPHI 3HAHHH H
YMEHHH MOJIO/BIX CIICIHAINCTOB MPOU3BOACTBCHHBIM
TpeOOBaHUAM, YTO OOYCIIOBIIEHO Pa3pBIBOM CHCTEMHBIX
CBsI3eH MEXIy HayKoil M IMPOM3BOJICTBOM; IIpoOieMa
OLIEHKH KOHKYPEHTHOCIIOCOOHOCTH CIELHaInCTa Ha
PBIHKE Tpy/Ja, HECOOTBETCTBHE KBATU(PHKAIMOHHBIX
XapakTepucTuK TpeboBaHWsM pbiHKa Tpyaa [2]. Ho
HECMOTpPS Ha OOBEKTUBHOCTH JaHHBIX IPOOJEM,
mporecc 0oOy4deHHST B By3€ JOJDKEH O00eCHedYuTh
BBICOKMH ypOBEHb C(HOPMHPOBAHHOCTH KOMIIETEHT-
HOCTEH M WX COOTBETCTBHE OCHOBHBIM TPEOOBAHMSIM
CTEHKXONIAEpOB: poboTOmaTeNneld, caMod JIMYHOCTH M
ob1ecTna.

HoBas KoOHHENIMs CHCTEMbl MOHHTOPHHTA H
KOHTpPOJII ~ KadecTBa IIOATOTOBKM  CHEIUAJINCTOB,
KOTOpasi akTUBHO BHezpseTcs B YKpauHe Haunonasns-
HBIM areHTCTBOM oOecreueHHs: KauecTBa 00pa3oBaHus,
IIPOBEJICHUE BHEIIHEW M BHYTPEHHEW OJKCIEpTU3, HE
paspelaer BOIPOCOB OLEHKH KayecTBa IOJITOTOBKU B
KOHTEKCTE OZIHOTO Y4eOHOTo IpeiMeTa.

Heanr pabGorbl. OmnucaHue BO3MOXXHOM CHCTEMBI
OLICHKH Ka4yecTBa OOY4EHUs U yCBOeHHs MH(opManuu
OyZymMMu DHEpreTMKaMH B TIpolecce H3YUYEHHS
y4eOHBIX AUCIMIUINH.

Martepuansl ¥ pe3yJbTaThl
Bompocsl  MOHHTOpHHTa  KadecTBa  0Opa3oBaHMSA
aKTyalbHbBl B  HCCICAOBAHUSX MOCIEAHUX  JIET:
I1. Kanuser, O. Merneriko, 0. [Mepdunbes,
B. Cycnos., pa3pabatbiBaromiue cxemy (HOpMHUPOBaHUS
[oKasareJiei KayeCcTBa MMOAroTOBKM crenuanucra [1-3]
00OCHOBBIBAIOT HEOOXOMUMOCTh WM3MCHEHHUS Tapa-
JUTMBI OIEHKW Ka4€CTBa U BHEAPCHUC TUHAMHUYECKOI'O
NOAXO0Ja, B  KOHTEKCTE  KOTOPOIO  KadecTBO
paccmarpuBaeTcsi Kak MO3WTHBHBIE HW3MEHEHHS B

HCCJIeIOBAHMIA.
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mporieccax M pe3ysibratax o0pa3oBaHMs, 00yCIOBJICH-
HblE  Ppa3BUTUEM HAyKd M  MPOM3BOACTBA U
OTpa)karoIlue TEHACHIINN B U3MEHEHUH LeNel o0pa3o-
BaHMsI, 3aIIPOCOB OOYYalOIIMXCsI, OOIIECTBA M PBIHKA
TpyZa. BbIiBIEHME TakuX U3MEHEHUH I03BOJISIET
OIIEPAaTUBHO BHOCUTHh KOPPEKTUPYIOLLUE BO3IEHCTBUS
B mpolecc OOydeHus, crmocoOcTByromue 3(hGHeKTuB-
HOMY pEIICHWIO 3aiad YIpaBJICHHS KadeCTBOM
o0pa3oBaHuUsL.

JUisi IpMEHeHus] TMHAMHYECKOTO MOAX0a IpH
OLICHKE  KadyecTBa  pe3yJbTaToB  00pa3oBaHUs
HEOOXOZMMO HaKallIMBaTh JAHHBIE O MO3HABATEIbHOMN
TBOPYECKOH aKTUBHOCTH, ypOBHE C(HOPMHUPOBAHHOCTU
KOMIIETEHTHOCTEH, YCBOGHHBIX 3HAHUSAX M YMEHHUSIX
WIN O JPYTHX Y4eOHBIX NOCTHXKCHUSIX CTYICHTOB Ha
NPOTSHKEHUH BCEro nepuoaa o0ydeHus u GpukcupoBaTh
OTW JAaHHBIC 1A aHajIkn3a MPUPOCTa KadueCTBa B BUAC
JECKPUNTUBHON  (ONMHCATEeNbHON)  CTaTUCTUKH U
pa3NMYHBIX JIOKYMEHTOB Ha KOJHMYECTBEHHOM W
Ka4eCTBEHHOM YPOBHSIX M3MepeHHs. Takum o0pazom, B
JUHAMHYECKOM TIO/IXO/Ie OIIEHKa KayecTBa pe3ylib-
TaTOB OOYYEHHUsI CTPOWTCS Ha IPOBEJCHUH MHOTO-
(hakTOpHOTO aHaIN3a N3MEHEHHUH 0 PAAY IOKa3aTeseit
KagecTBa OOpa30BaHMS, IO3BOJIAIONINX  BBISBIATH
TEH/ICHIIMN M3MEHEHUS KadecTBa, MIPOTHO3UPOBATH MX
U TIPUHUMATh HE TOJBKO OIEpPaTHUBHbIE, HO U
CTPAaTCru4CCKUC YIIPaABJICHUCCKHUE PCIICHUA.

Onupasice Ha KOMIIETEHTHOCTHBIN 51
JUHAMHUYECKHE TMOAXOIbI B CBOEH paboTe, a TaKxke
ucnoip3ys wmonenb Jlonanpna Kupmarpuka  [4],
pa3paboTaHa u ampoOMpoOBaHA METOAWKA OIICHKU
KayecTBa  W3Y4YCHUS  OTICNBHOM  JUCIHIUIMHBI.
HccnenoBanus mpoBoamwmmch B KpemeHuyrckom
HallMOHAIFHOM  YHHMBEpCHUTETE HMMEHH Muxamna
Octporpazackoro Ha npotsxeHun 2018-2020 rogos.

[TpennoxeHHass METOAMKA, B OTJIMYME OT MOJEIH
JA. Kupnarpuka, BKIIOYAET TpPU COCTABISAIOLIUX
nuarHocTuku. IlocnenHuii, 4YeTBEpTHIM  YpPOBEHb,
npemioxkenusrii  J{. KupnatpukoMm, HampaBieH Ha
BBISBJIEHHE U3MEHEHUN B DKOHOMHYECKHX ITOKAa3aTeNsIX
noapasacjaCHuss WKW MNpCANpUuATUA B PE3YJIbTATE
oOyuenus. PaccunTarh SkoHOMHYECKYIO 3(dexTHB-
HOCTb OOydeHHs, TeM Oojiee H3YyUeHHS OJHOM
JUCUUIUIMHBI, OYEHb CIIOKHO, MOCKOJBbKY Ha O3TH
MOKA3aTeNy  BIMAET  3HAYUTENBHOE  KOJWYECTBO
(aKkTOpoB, H30JMPOBATH KOTOPHIE JAPYr OT Jpyra
MIPAaKTHYECKH HEBO3MOXKHO. [103TOMY MBI MCKIIOUMIIN
3TOT yPOBEHb OLICHKH.

Takum oOpazoMm, mpemiaraeM MpPOWU3BOIUTH
OIICHKY KadcCTBa HU3YUCHUA yqe6Horo npeamMera 1o
TaKUM KPUTEPUSIM:

- aHaIH3 OLIEHKH YAOBIETBOPEHHOCTH
couckareneii  BbIcIiero  oOpa3oBaHusi  y4eOHBIM
npeaMeToM  (aHKETHpOBaHHE, Oecelbl, HHTEPBBIO,
¢dokyc-rpynma);

— KOHTPOJIb YpPOBH: NOJIYUYCHHBIX 3HAHUI
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(TectupoBaHme, OIIPOCH);

— JEMOHCTpanusi TMOIYYEHHbIX 3HAaHUH U
YMEHHI Ha TIpakTHKe (BBIIONHEHHWE 3aJaHUil Ha
BUPTYQJIBHBIX M (PU3NUECKHUX JTa00OPATOPHBIX CTEHAAX);

— OIICHKA Pe3yJIbTaTOB 00yUEHUS.

IlepBriit KpUTepuit JIOJIKEH IOKa3aTh
VIOBJICTBOPEHHOCTh 00pa30BaTEIBHBIM / YUYCOHBIM
npoueccoM ciymareneil. [lomyuennas Ha ToM ypoBHe
nHpOpMaIKs HMMEeT Ba)XHOE 3HAYCHHUE, IOCKOJBKY
HETaTHBHAsT peakUnusl ciymaTreiled OTHOCHTEIBHO
M3y4YeHUs] JUCHUIUIMHBI HETaTHBHO CKaXeTcs Ha
MOTHBAMM  CTYIEHTOB, WX JKEIaHHUH AaKTUBHO
pabotath, wW3ydas y4eOHBI Marepwal, W B
MOCIIEAYIOIEM — IPUMEHEHNH MOTYyYeHHBIX 3HAHUH U
HaBBIKOB HAa IPAKTHKE. AHKETHPOBAHUE IIO3BOJIMIIO
OLIGHUTH PEUTHHI Kypca (aKTyalbHOCTh M COJepKaHUe
KypcCa, TOTOBHOCTb MPUMCHHUTL ITOJTYUYCHHBLIC 3HAHUA U
HaBBIKY Ha MPAKTHKE U T.A.) ¥ PEUTHHT MpernofaBaTess
(KOMIIETEHTHOCTD TIPETIoJaBaTelsi, er0 METOANYecKas
IPaMOTHOCTb, JOCTYITHOCTb H3JIOXKEHHUsI MaTepHaa,
KOMMYHHKA0€IbHOCTh W T.1.). Ui moBTOpsommxcs

KPaTKOCPOYHBIX KypcOB HCTIONIE30BAIIH
CTaTHCTHYECKOE YIpaBJIEHHE KadecTBOM IIpoliecca
Oo0y4eHUs C TIPUMEHEHHEM KOHTPOJIBHBIX  KapT

lyxapra. Ha puc. | mpuBemeHa KOHTpOJIbHAs KapTa
pelituHra Kypca «ABTOHOMHBIE HWCTOYHHKH IMTHUTAHUSA
IS 3JIEKTPOIIPUBOIOBY, KOTOPBIH H3yYaroT
PYKOBOIMTENM  HU3IIETO W CPEOHEro  3BEHa
OHEProynpaBjJICHUA MMPOMBIINIJICHHBIX HpeHHpHﬂTHﬁ.

3a uenrpanpHyto juHuio CL npunsr cpeaHuit
peiitunr kypca XCL = 8,3 6amna (npu onenke mo 10-
TH OanbHOM cHcTeMe), IOJYyYeHHOTO Ha OCHOBE
aHaIM3a JAHHBIX OOYYeHUs, IIOJlydeHHBIX paHee. B
pe3yJbTaTe CTaTHCTHYECKOW 00paboTkn mH(pOpMaun
nosryuens! BepxHuit XUCL = + 3s u nmxnuit XLCL =
-3S KOHTpPOJBHBIC TPEACHbI, TIe S 0,61 Oamma —
cpenHee 3HaYCHHE CPeIHUX KBaJIPaTUIHBIX
OTKJIOHEHHUH peHTHHTa Kypca MOATPYI 00yUYeHHS.

Ipouecc 00y4eHHs HAXOAWUTCS B CTATHCTHYECKU
yrupaBia€MOM COCTOSIHUH, OTKIIOHCHHC peﬁTHHFa oT
MPUEMJIEMOTO  BBI3BAHO  TOJNBKO  CIy4ailHBIMHU
MpUYrHaMu. BbIXox pelTHHra 3a KOHTPOJIbHBIE
TPaHMIBl SBISIETCSl PE3yJIbTATOM JEHCTBHS OCOOBIX
MIPUYHH, KOTOPBIE CIIEAYET BBIIBUTH, UCKIIOYHTH WIN
ocnabute. Ha rpaduke peiTuHra Kypca MOXKHO
BBIJICITUTD TP CEPUH TOYEK.

Ilepast cepusi Touek No 1, pacroioKeHHBIX
BOJNM3H LEHTPAILHOW JIMHUH, CBUICTEIBCTBYET O TOM,
YTO TIporecc OOydYeHHS HAXOTUTCS B CTATHCTUYCCKU
YIpaBIIEMOM COCTOSIHUH, ero Ka4yecTBO
MPEeIyCMOTPEHO W OOy4YeHHe  YIOBJIETBOPSAET
MpeabIBIsIeMbIM TpeboBanusaM. OJHaKO, HaYMHAS C
OATOW TOYKM, HAOJIOAAeTCs TEHACHIMS K IOTepe
ynpaeinsieMoctd. Ha  stom  orame  oOyuyeHus
3aBenyomeMy Kadeapoil HeoOXoaumo ObUIO OBl
IIOCETHTh 3aHATHE B ponn CyIepBHU30pAa,
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IpoaHAIM3UPOBATE €ro C IMO3WMOHUKU aKTYaJIbHOCTH H

BBUICHUTH  YPOBCHb  KOM(OPTHOCTH  CO3JaHHBIX
YCJIOBUH OpraHU3aluy.
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TlopsakoBuii HOMEp 3aHATTS

Puc. 1. KoHTpoabHas kapTa peTUHTa Kypca «ABTOHOMHBIC
HCTOYHUKH MHUTAHUS JJIS SIICKTPOIIPUBOIOB

AHanu3 TpPOBENCHHBIX 3aHATUH  BBIABWII  TaKHe
OPUYMHBI  YXYIUWIEHUs  CUTyallud:  H30BITOYHOE
KOJIMYECTBO YaCOB, 3aTPaYMBaEMbIX Ha TEOPETHUECKYIO
HNOATOTOBKY, TOTJIa KakK CIyIIAaTeld CTABUIIU IEJIbIO
0TpaboTaTh TNPaKTUYECKUE HABBIKM; Ha4yMHAas C
BOCBMOTO, 3aHSTHS TNPOBOIIINCHE 0O€3 OTphiBa OT
MIPOM3BO/CTBA MOCJE pabOTBl M MOITOMY YCBOCHHE
MaTepuana  CIymaTelssMH  ObIJIO  3aTPyAHEHO
yromienueM. Ilociie Koppeknuu mHporpamMMbl Kypca:
HCIIONIb30BAaHHE Keic-MeTo/a, CHUTYaI[IOHHOTO
MOJIETUPOBaHMSA, MPO(eCcCHOHANBHO-OPUEHTHPOBAH-
HBIX  3aJ@aHnii,  WCIOJB30BAHUS  BHUPTYaIbHbIX
1a00paToOpHUX  CTEHJOB, HalpaBJCHHBIX  Ha
(GOpMHUpPOBHHME MPAKTHYCCKMX YMEHHH UM HaBBIKOB
cirymiarenei, mpooieMbl ObUIM YCIIEIIHO PEIIeHBI, YTO
CIIOCOOCTBOBAIIO Ka4eCTBEHHOMY YIYYIICHUIO
nporecca o0ydeHus — cepus Touek Ne 3 (9-10 3ausaTusI)
PacIoyoKeHb! BBIIE IEHTPAIBHYIO JIMHUIO U HUMEIOT
MOJIOXKUTENbHYI0 TUHAMHUKY B BEPXHEH KOHTPOIBHOMN
TpaHHULBL.

Bropoii  ypoBeHb  IOCBSIIEH  HM3MEPEHHIO
TOJIYICHHBIX B TIporiecce oOydenus 3HaHui. C 3TOM
Lenpl0 OBl TPOBEJCHA SKCIpPECC-ANarHOCTHKA B
dbopme TecTHpoBaHHMS (OTKPBITBIE M 3aKPBITHIC
3aJaHusg). bBBIIM TpOBENCHBI KOHCTAaTHPYIOUIWE U
KOHTPOJIbHBIE CPE3bl 3HAHU.

B Tabn. 1 u 2 mnpencTaBieHbl Pe3yJbTAThI
TECTUPOBAHUs CIIylIaTesieil Mo Kypcy «ABTOHOMHBIE
WUCTOYHMKHM TIMTaHUS B DJEKTPOIPHUBOAE», TA€ Ha
KaXJIOM 3aHSATHH ObI1 mpenoctaBieH TecT u3 20
3aganuil. Takux TecroB 6but0 MpoBeneno 10. Tabn. 1 —
JlanHble TecTHpoBaHMs ciymareneid rpymmsl Ne 1.
Tabn. 2 — JlaHHBIC TECTHPOBAHUS CIYIIATENCH TPYIIIHI
Ne 2.

Pe3ynbpTaThl TakOro TECTUPOBAHUS ITOKA3bIBAIOT
(puc. 2, 3), KaKk U3MEHWINCh 3HAHUS W KOMIIETCHIIUU
clywiareneil 3a Nepuol HM3ydeHus IUCLMIUIMHBL B
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JAHHOM Clly4yae — 3TO JIByXMECSYHBbIE KypChl
TIOBBIIIEHUS KBATU(UKAINN WK 52 yIeOHBIX THSA.
TecroBast TUArHOCTHKA MMO3BOJIKIIA JOCTOBEPHO U
OMEPaTUBHO OIICHUTh YPOBEHb IMOJATOTOBICHHOCTH M
OpU HEOOXOTUMOCTH CKOPPEKTHPOBaTh MPOrpaMMmy

0o0y4eHHS c y4eToM CITIOCOOHOCTH u
3aMHTEPECOBAHHOCTH CIymIaTeled K BOCIPHATHIO
nHpopmanmm (3aHATHS 68 corylacHo puc. 1) u
NPOMYCKOB B 3HaHUAX (MO JaHHBIM Tabm. 1 u 2).

Tabnuma 1.
Jara / Bamsr
. 1. O.
05.09 10.09 17.09 24.09 01.10 03.10 08.10 17.10 22.10 27.10
Cl 0,55 0,45 0,65 0,65 0,65 0,7 0,8 0,8 0,8
C2 0,45 0,55 0,7 0,7 0,7 0,6 0,8 0,8 0,85
C3 0,45 0,65 0,7 0,8 0,85 0,8 0,8 0,7 0,75 0,8
C4 0,5 0,55 0,55 0,6 0,7 0,6 0,8 0,75 0,8 0,8
C5 0,4 0,6 0,6 0,35 0,35 0,8 0,75 0,8
Cé6 0,4 0,5 0,6 0,3 0,55 0,35 0,8 0,45 0,7
Cc7 0,45 0,6 0,55 0,55 0,65 0,65 0,6 0,65 0,7 0,75
Cpennee 0,45 0,526 0,616 0,613 0,683 0,675 0,756 0,717 0,77 0,788
Meanana 0,45 0,55 0,65 0,60 0,70 0,650 0,80 0,75 0,75 0,80
Tabnuma 2.
®ILO. Jara / Bammst
05.09 10. 09 17.09 24.09 01.10 03.10 08.10 17.10 22.10 27.10
C8 0,3 0,5 0,55 0,6 0,4 0,7
C9 0,45 0,45 0,65 0,7 0,6 0,75 0,75 0,75 0,65 0,75
Cc10 0,15 0,35 0,7 0,6 0,7
Cll 0,35 0,15 0,6 0,5 0,65 0,75 0,7 0,8 0,7 0,7
Cl12 0,6 0,75 0,85 0,75
C13 0,25 0,5 0,6 0,55 0,65 0,65 0,6 0,8
Cl14 0,15 0,3 0,6 0,6 0,55 0,6 0,55 0,65 0,75
Cpennee 0,34 0,427 0,654 0,636 0,521 0,646 0,693 0,70 0,70 0,754
Meanana 0,32 0,45 0,60 0,65 0,525 0,625 0,725 0,75 0,675 0,75
pe A p A
0,900 0,80 I'pyma Nel
Ipyma Nol N~
0,800 0,70
0,700 ~ 0.60 - 7 4 1%5 Ne2
' ’ /NS
0,600 /_ I'pyma Na2 0,50 y
0,500 / 0,40
0,400 0,30
0,300 0.20
0,200 0.10
0,000 >
0,100 0 5 12 19 26 28 33 42 47 52 Jui
0,000 > Puc. 3. Menunana 3Ha4eHHUS yCIIEBACMOCTH CIyIIATEICH
0 5 12 19 26 28 33 4 4 52 [H rpymm Nel 1 Ne2 1o JaHHBIM TECTHPOBAHHUS

Puc. 2. Cpeanee 3Ha4eHUE yCIIEBAEMOCTH CITyIIATEICH TPYIIIT
Nel u Ne2 mo JaHHBIM TECTHPOBAHHS
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Lempro TpeTbero ypoBHS SBIAETCS OLCHKA
CTETIEH! NPUMEHEHHUS MMOMyYCHHBIX 3HAHUI 1 HABBIKOB
B IIpakTH4eCKoW  nearenbHocTd.  KauecTBeHHOE
NPUMEHEHNE pe3yNbTaToB OOYy4YEeHUs] Ha IPaKTHUKE
MOXKHO OIIGHUTh C TIOMOIIBIO aHaji3a pe3yJIbTaToB
BBITIOJIHEHHS TPAKTUYECKUX M JIaDOpaToOpHBIX pador,
BBIITYCKHBIX paboT CHENUAUCTOB, TEMaTHKa KOTOPBIX
HETIOCPEJICTBEHHO CBs3aHa C pELIeHHeM MpoliemM
KOHKPETHOTO TOJIpa3IeNIeHUs] MPEINpPHSTHS, SBISETCS
MECTOM pa0OTHl cCiymaTens. 3amuTta paboTHl WK
Ca4M dK3aMeHa mepe]l KOMUCCHEH, B KOTOPYIO BXOIAT
PYKOBOJAWTEIN  CIICIIMAJIFCTA, I[O3BOJIET OIECHUTH
CTETICHb ~ YCBOGHHS  MaTepHalla H  HAacKOJBKO
0TpabOTaHBI IPAKTUIECKHAE HABBIKH.

Jlmst BBINIEYKAa3aHHBIX TPYIMIT CIOymaTeneld OB
NPOBEICH OKCIEPUMEHT C M[EeNbl0  CPaBHEHHTh
3¢ PEeKTUBHOCTH puoOpeTeHus MPAKTUIECKUX
HaBBIKOB BBINIOJHEHHUS TEXHOJIOTHYECKHX OIepanuii
ITyTEeM BBIIIOJIHEHUS J1a0OPAaTOPHOTO NPAKTHKyMa Ha
(U3MUECKUX CTEHIAX W BHUPTYaIbHBIX JIAOOPaTOPHHUX
CTEH/IaX, KOTOpBIE MOJEIUPYIOT MPOU3BOJCTBEHHBIE
TIPOTIECCHI.

Heo0OxomuMocTs  WCHONB30BAHUS  CTEHIOBOTO
o0opymoBaHuUs TTOITBEPIK/ICHA OTIPOCOM 54
TperogaBaTeNieil HHCTUTYTa, KOTOPbIE OTMETHIIH, YTO
pabora TOJIBKO c CHHTE3UPOBAHHBIMHU
MaTeMaTU4eCKMMHU MOJECISIMH MpHUBENIa K TOMY, YTO y
CTY/ICHTOB BO3HHMKJIM TPYJHOCTH B TOHUMaHUH
¢bu3nueckoii  mpUPOIBI  DIEKTPOMATHUTHBIX U
MEXaHHUYECKUX TPOIIECCOB pPEabHBIX O00BEKTOB [5].
3TO CTaJO TOJNYKOM JUIS pa3pabOTKU M HMCCIIETOBAHUS
BUPTYaIbHBIX J1a0opaTopHbIX KoMmiuiekcos (BJIK). Oun
UMHUTUDPYIOT  pealibHble  (u3udeckne  OOBEKTHI,
CO3JJaHHBIC C IIOMOIIBIO KOMITBIOTEPHBIX CHCTEM,
KOTOpBbIE MOTYT BBICTYNaTh 3aMEHUTEISIMU pealTbHbIX
MMPOM3BOJICTBEHHBIX ~ TPHOOPOB ~ HW  TIPOIIECCOB,
oOecreunBaroNX BHU3yalIbHBIE M 3BYKOBBIC d((EKTHI

Ha OCHOBE TEXHOJIOTUU 0ECKOHTaKTHOTO
UH(pOpPMALIMOHHOTO B3aUMO/JICHCTBUS, KOTOpBIE
TIO3BOJIAIOT MOJIb30BATEIIO HETIOCPEICTBEHHO

JCHCTBOBATh C IOMOIIBIO CIEHHAIBHBIX CEHCOPHBIX
YCTPOMCTB U YCTPOUCTB yrpasieHus [6].
Hcnonp3oBanue BJIK JUISL MIOATOTOBKH
CHELMANNUCTOB KaK 3JIEKTPO3HEPreTHUECKON OTpaciy,
TaKk M CIEHUAIUCTOB APYTUX OTpacied, MO3BOJISET
MTOBBICUTH Ka4eCTBO NPO(ECCHOHAIBHOM MOrOTOBKH U
MIEPETIOATOTOBKN JHEPTETHKOB, CHHU3HWTh PAacXoAbl Ha
MPOQEeCCHOHATBHYIO MOATOTOBKY 3a CUYET COKpAICHUS
€e CpPOKOB MpOBEICHUS B OC30MACHBIX YCIIOBHSAX;

TIOBBICUTh CTETIeHb 00BEKTUBHOCTH OLICHKH
KBaNM(pUKAUK  PaOOTHUKOB, KOTOPbIE IMPOXOIST
oOyueHne (WX 3HAHWA ©W yYMEHHH) Omaromaps
MaKCHMAaJIbHOM PEaTuCTUYHOCTH [IOCTABJIEHHOU
3aJa4M.

Caymarenn rpymnmel Ne 1 orpabotanu
naboparopHble  pabOTBl Ha (U3MYECKOM CTEHJE,
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crymatenu rpymmsl Ne 2 — ma BJIK. Tlpm 3ammre
nmabopaTOpHOI PabOTHl CIIyIIATENsIM OBUT MPENIoKEeH
tecT u3 10 3amaHMiA, KOTOPBIA COCTOSIT U3 BOIPOCOB IO
TEOPUU MPOLIECCOB B HCCIEAYEMBIX CHUCTEMax |

QJICKTPHUYCCKUX OCIIX, a TaKXeE BBIIIOJIHCHUEC
nabopatopHoii paboThl. Pe3ymbpraThl OTBETOB, a
UMEHHO KOJIMTYECTBO MPAaBUIBHBIX OTBETOB

cirymiarenei, npejacTaBieHsl B Tabn. 3, 4. Tabn. 3 —
HUrorm oreetoB rpymnmel Ne 1 mo pesympTaram
71a00paTOPHOTO NMpPaKTHKyMa Ha (M3MUECKOM CTEHIIC.
Tabm. 4 — torn orBeToB rpymniisl Ne 2 110 pe3ynbraram
712a00paTOPHOTO MPAaKTHKyMa Ha BUPTYAJILHOM CTEHIIE.

Tabnuua 3
JlaGopatopHa pobota
D.1.0 1 > 3 7
Cl 4 3 3 2
C2 4 2 6 6
C3 8 6 7 4
Cc4 4 4 2 3
C5 6 7 4 5
Cé6 6 6 6 4
Cc7 5 7 6 2
Cpennee 5,9 4,5 5,0 3,3
Tabnuua 4
JlaGoparopHa poboTa
©.1.0. 1 > 3 2
C8 8 4 5 6
C9 6 5 6 7
C10 7 6 5 8
Cll1 1 4 7 9
C12 9 6 5 5
C13 9 3 6 8
C14 4 4 6 7
Cpennee 6,3 50 57 7,1
HUrorn oTBeTOB cCiylmiarened mpu - 3amuTe

a0opaTopHbIX pabOT B XPOHOJOTHYECKOM IOPS/IKE
MoKa3aHel Ha puc. 4. AHamM3 KpPHUBBIX ITO3BOJISIET
KOHCTAaTUPOBATh, YTO CYLIECTBYET YeTKas TEHACHIUS K
YXYAIIEHHIO PE3yJIbTATOB TECTUPOBAHMSA B IEPBOU
TpymnIe, U yIy4lI€HHe Pe3yJIbTaTOB TECTUPOBAHUS BO
BTOPOH.

.

3

CepeHe 3HAYEHHS! BiANOBIAI rpynu
IS

—m— Oigmmii crenn  —@= KTI

i
2
Howmep nabopaTopHoi poGoTi

Puc. 4. Pe3ynpTaTsl TeCTUPOBaHUS TPYIII CAyLIaTeNei
KypCOB MOBBIIIEHUS KBaNU(PUKAILIUU
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CpenHee 3HAuCHHE pPAa3HUIBI OTBETOB MEXIY
rpynnaMyd Ui OepBbIX  Tpex paboT  BecbMa
HE3HAYWTENIbHA, M TOJBKO [UIS 4YETBEPTOH pPabOThI
CTPEMUTENBHO pacTeT (Tabu. 5, puc. 5). [Toatomy mis
IMPOBEPKU Ka4dyecTBa TMMOJTYUYCHHBIX PE3YJILTAaTOB
MPOBE/ICHA X CTATHCTUYECKas OICHKA.

CpenHee 3HaUCHHE OTBETOB MO IPyMNIamMm

ciayuarenen
Tab6muma 5
JlaGopaTopHa po6ota

1 2 3 4

I'pymma Ne 1 59 45 5,0 3,3

I'pymma Ne 2 6,3 5,0 57 7,1

Pa3Hocth 0,4 0,5 0,7 3,8
Cpennee 3HAYCHUE paccuuThIBaEM KakK

- 1n
= H 2 X, TOe X — 3HAaueHHE OTBETOB IIO
i=1

Tabun. 3, 4. HecMenenHast olieHKa AUCIEPCHU:

M)
I'paHuIIBI TOBEPHUTENHHBIX HHTEPBAIOB
_t & _ _t &
X—EY2 o Yoxy Y2 2
Jn Jn
rae 1-a/2 — kBanTune pacnpenenenus CTbIOIEHTa.
[puanmas KO3 pHUIIIEHT BEPOSTHOCTH

o =0,05, HaxomuM JUIA MEPBOM TPYIIIEL, C JAEBATHIO
CTENEHsIMH CBOOOIBI, tl—a/z =2,262; nnsa apyrou

Ipymmoel  — C  IIECTBIO  CTEMEHSMU  CBOOOIH,
tl—a/z =2,447 . VYunrsiBas JIOBEPHUTEIBHEIC
WHTEPBAJbI, MOCTPOMM  paclpejieiiecHHe  OTBETOB

ciywarenei (puc. 5).

Kak BugHO u3 pucyska, ucnons3oBanue BJIK
YBEIHMYMBACT MPOLIEHT YCBOCHUS yueOHOH
nHpopmanmu. Habmromaercs KyMynsSTHBHBIA 3¢ dexT
mocie TpeTeeil  mabopartopHoil  paboTBl  —
CTPEMUTEIBbHBIH POCT KOJWYECTBA BEPHBIX OTBETOB B
rpyIine, BBINOMHSBINCH Ta0OpPaTOPHBIA MPAKTUKYM Ha
BJIK. CnenoBarenbHO, MOXXHO yTBEpXAaTh, YTO Ha
9TOM OTane TPOUCXOAUT YCBOCHHE TEOPETHUECKUX
MOJIOKEHUH W CIIylIaTesld Ha4yMHAIOT CO3HATENIBHO
BBINOJIHATE 337a4M J1a0OpPaTOPHOTO NMPaKTHKyMa, a He

CJICIIO PYKOBOACTBYIOTCA METOAUYCCKHUMHU
PEKOMCHAAIUAMMU.
OHGHI/ITB MPpUMCHCHUA MOJYUCHHBIX npu

o0ydeHNH 3HAHUM Ha MPaKTHKE MOXXHO U B (opme
KOYYMHIa, KOIJla B XOJe NPsSMOro HaOJlojeHus 3a
paboTHHKOM Ha pabodeM MecTe MNpenojgaBaTelb WIN
COOTBETCTBYIOILEE JIMIO0, HAPUMEpP, YHEPreTHK Liexa
[IPOBEpSIET W JaeT PEKOMEHAAIMH 110 JIMKBHAALMU
npoOesioB B YCBOSHUH MaTepHaa.
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iHTEepBaIH

CepeHe 3Ha4eHHs BIAMOBIA Py Ta IX A0Bip4i

== Oipuunnii cTen

Howmep naGopaTopHoi po6oTH
Puc. 5. Pacnpe;{eneHHe OTBE€TOB U UX NOBECPUTCIIBHBIC
HUHTEPBAJIbI IPU TECTUPOBAHUU I'PYTIIT CJ'[yHJaTCJTeﬁ

Jns1  HMHTErpupoBaHHOM  OLIGHKM  KayecTBa
oOy4eHUss M YCBOSHHMs WHQOpMAIUU NPEII0KEH
KpUTepuii NpHOOpEeTeHWEe HABBIKOB  BBIOJIHEHUS
TEXHOJIOTUYECKHX OTIePAIIi:

Kon =1— X5, @)
rie Ky, K03 UIMEHT NpUOOPETEeHUsI HABHIKOB
BBINOJTHEHUS TEXHOJIOTHYECKHUX olnepanuii;
— 1 K &«

Xqp=— 2. X, — CpelHee 3HaueHHE OIIUOOYHBIX HIIH
n=1
JIUITHUX ~ JCWCTBUH  TepcoHala TMpU  OTpabOTKe

OIIPE/ICTICHHOTO AJITOPUTMA TEXHOJOTHYECKOIO IIHMKIIA;
K — MUHHMalbHO-JIOIYCTUMOE KOJIMYECTBO Olepannii
JUIL  BBIMOJHEHUS  ONPEAEIEHHOTO  aJITOpUTMa
x*n =X, /K -
COOTBETCTBEHHO (PAKTUUECKOE U HOPMHUPOBaHHOE
KOJIMYECTBO onepaunﬁ, BBIITOJTHCHHBIX pa6OTHI/IKOM
pu oTpaboTKe OIIPeIeNICHHOT O aJIrOpUTMa
TEXOJIOTHYECKOr0 IIUKJIA.

Jist Tpex Tpymnn CTyJEHTOB YETBEPTOro Kypca
JHEBHOH (OPMBI 00yUeHUs 10 TUcIUILIHHE «CHCTEMBI
YIPaBICHUSI  DICKTPONPUBOAAMHU»  JTaOOPaTOPHBINA
mpakTUkyM u3 10 paboT ObUT IPOBEAEH CIETYIOMINM
obOpazom: rpymma Ne | BBITONMHSUIA TMPAKTHKYM Ha
¢usngeckom crerze; rpynma Ne 2 — na BJIK, a rpymma
Ne 3 moxroroBky Bemonasna Ha BJIK, a pesymbraTs
MpaKkTHUKyMa MpeAcTaBisuia Ha (GU3MYECKOM CTeHzae. B
TaOJl. 6 NpUBEIECHBI NaHHBIE O CPEIHEM KOJIMYECTBE
JIMIIHUX onepaunﬁ, BBITIOJTHEHHBIX CTYACHTAMU IIpU
BBINOJTHEHUH 1a00paTOpHOTO MpaKTHKyMa.
Tabnuna 6 — CpeqHee KOJMYECTBO JMIIHUX OTEpaIHi,
BBIMOJHEHHBIX ~ CTY/IGHTaMH  Ha  J1abOpaToOpHOM
MIPaKTHUKYMe.

ITo pesynpratam Tabn. 6 mocTpoeHBl rpaduku
(puc. 6) TMHAMHMKHM YMEHBIIEHHS KOJMYECTBA JIMIIHUX

TCXHOJOTUYCCKOIro  IHKJIA, Xn ,

orepanuii, OCYIIECTBIAEMBIX  CTyIEHTaMH  TIpH
BEITIOTHEHUH J1a00OPaTOPHOTO MPAKTUKyMa.
B Tabn. 7 mpencraBieHsl  JaHHBIE IO
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oTIpeNieIeHHI0 Kod(pPUIMeHTa IPHOOPETSHUS HABBIKOB npumeHenust BJIK kak HMHTErpupOBaHHOM OLIEHKHU
BBIMIOJIHEHUSI ~ TEXHOJNOTWYeCKux  omepammii.  Ilo prOOpeTEeHUs HaBBIKOB BBITIOTHEHUS
pesympTaraM  Tabm. 7  TOCTPOEHBI  rpaduku TEXHOJIOTHIECKUX OTePaIHi.
(puc. 7) HN3MEHEHHUS ko3¢ dunnenra,
XapaKTepU3YIOIIETro CTEeTNeHb 3¢ GHEeKTUBHOCTH
Ta6suma 6
JlaGopaTopHast paboTa
Tpymma 1 2 3 2 5 6 7 8 9 10
Nel 10 12 13 9 10 9 9 8 9 7
Ne 2 10 10 9 10 8 8 6 7 6 6
Ne 3 6 4 4 6 4 3 4 3 3 2
Tabnuna 7
JlaGopaTopHas paboTa
Tpymma 1 2 3 1 5 6 7 8 9 10
o1 0,47 0,37 0,32 0,53 0,47 0,53 0,53 0,58 0,53 0,63
0?2 0,47 0,47 0,53 0,47 0,60 0,58 0,68 0,63 0,68 0,68
03 0,68 0,79 0,78 0,79 0,82 0,8 0,84 0,84 0,86 0,89

=
IS

kputepuii 3 — puc. 4, kpurepuii 4 — puc. 7.

Jost TTOJITBEPKICHUS aJIeKBaTHOCTHU i
ABTOMATH3allMd pacueTa KpPUTEPUs IPHOOPETCHUS
HABBIKOB BBITIONTHEHUS TEXHOJOTHYCCKUX OIepanuit
N HEOOXOAWMO TMONY4YHTh O0OOOIIEHHYI0 MOIEeNnbh Ha
OCHOBE MIAaHHBIX pECIIOHIEHTOB. 3ajada B TaKoOH

Pad

d

o

KinbKicTh HaJUIMIIKOBHUX YM IIOMMIKOBUX il

Tpym 2 (bopMyIHPOBKE CBOIMTCS K HPHUMECHCHHIO METOIOB

s annpokcuMarud. OaHuM u3 3G (GEKTHBHBIX METOJIOB

’ [OCTPOEHUs CPENHEr0 KBAAPATUYHOTO NPHOJIMKEHHUS
T s SIBJIICTCS] METOJI HANMEHBIIINX KBaapaTos [7].

Topsyiosiii Homep aGoparopioBoT Kak BuOHO 3 pHc. 8, JNaHHBIE 10 KaKIOy W3

Puc. 6. CpenHee KOMMUECTBO JIUITHAX OTIEPALH, PECTIOH/IEHTOB BKCMEPUMEHTA, B TOM YHCJIE JIydIIEro

BBIMOIHCHHBIX CTyACHTAMH CTYJICHTA TPYMIIbI, CpelHee 3HAUCHHE KO3(hdUIHeHTa

. (manHBIE TaOnM. 7) C  JOCTaTOYHOM TOYHOCTHIO

fpyma 723 OTPAKAIOT AUHAMUKY €r0 U3MEHEHUS B 3aBUCHUMOCTH

oT XPOHOJIOTHH BBITIOJTHCHUA na6opaT0pH0r0

! - A~ HpaKTHKyMa.

0,60
0,40 -T./-%\' Fpymna Nel Kin
‘ \\/ 1

0,8

0,20

0,00 0,61
1 2 3 4 5 6 7 8 9 10

TlopsiikoBuit Homep mabopaTopHoi poGoTH 04

Puc. 7. Cpennee 3nauenue koadhurmenta Knnmo rpymmnam

0,2

Urak, o pe3yibpTaram IIPOBEIEHHOTO .

DKCIIEPUMEHTA YCTAaHOBJIEHO, YTO CpEIHEEe 3HAuYCHUE t 2 3 4 5 6 7 8 9 10
TTopstakoBuii HOMep 1a60PaTOPHOT POGOTH
KO3 PUIMEHTa TPHOOPETCHHE HABHLIKOB BBITOTHCHUS e Coporme N2 e ———
TEXHOJIOTUYECKUX orepanuin COCTAaBJIAET: —=- - Kpauuii Mol Kpawnii Ne2 | | —@- = Kpauuii Ne3
rpymmna Ne 1 — 0,49; rpynmna Ne 2 — 0,58; rpynma Ne 3 —
0.809 Puc. 8. Iunamuka u3menennii koadoumnuenta Knn o ero
, .
TosydeHHbie pe3yITBTaThl e — CpeAHNM 3HAYEHHSIM B TPYIIIE U JaHHBIMH JTy4IIero

o CTYZACHTA 3TOH IpyImbl
ko3 dunmeHnTa Kak ~ MHTETPUPOBAHHOW  OIEHKH

kputepusi (3) MPHOOpPETEHHE HABBIKOB BBITOJHCHHUS TI05TOMy JUIsi CHHTE3a PErPecCHOHHOMN MOIETH B

TCXHONOrHICCKIX omepatii TIOJHOCTBIO JadpbHEHIIEM HCIOJIL30BaHbl TOJNBKO JaHHBIE Tab. 7.
KOppEeIHNpyeTcs ¢ pe3ylibTaTaMM KaXKIOro W3 STaloB . o

PpeHpy pesy. A B pesynbrare wuccnegoBaHui psja  3aBUCHMOCTEH
OLleHKH KauectBa: kputepun 1 m 2 — puc. 1-3,
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Ko =f (Xn) , OKOHYATENIbHYIO MOJIETIb
anmpoKCHMAllMM  TPHUMEM  KaK  PalHOHAJIbHYIO
(GyHKIMIO BUA!
o \b
Knn =a(xn )", (4)

roe a = 0,68189432; b = 0,10084136 — 3HauyeHwus
KO3 PHUIMEHTOB PETPECCHOHHOTO YPaBHEHHS.

AJIEKBaTHOCTh Mozenein IIpOBEpEHA c
k03 HIHEHTOM feTepMUHanuu R?:
N 2
_Z (Knn_i - Knn_cp)
R2 — i=1 . (5)

N * 2
) (K ni Knn_cp)

=1\ "

Bribpannas ¢yskuusa Buga (4) mMpoxomuT depes
0onbIIOe KOMMYECTBO XaPAKTEPHCTUYECKUX TOYEK H
MMEeT HauMeHbIIee KOJIUYECTBO KOA(PPHUINEHTOB
PErpecCHOHHOTO ypaBHEHUS, XapaKTepu3yercs
HauMEHBIIICH MOTPCIIHOCTBIO B BBIYMCICHHUAX U
KpyNHeHmUM napamerpoM R2,

BrIBOABI

1. Iloka3zaHo, 4TO OLEHKAa KadyecTBa OOydeHHs
yu4eOHOH  JMUCHWIUIMHBI ~ SBJSIETCS  HA/IEKHBIM
HHCTPYMEHTOM KOHTPOJIS Pe3yIbTaTUBHOCTH
MOJTOTOBKM W TIEPEHNOATOTOBKU CHEIHAINCTOB, W
MO3BOJISICT pEajn30BaTh CTPATEruio oOecleueHHus M
MOJIEPXKAHUST BBICOKOTO YPOBHSA KadecTBa IIporecca
OOydeHUsI, IOBBIMIas TEM CaMbIM KOMIIETEHTHOCTb
CTYZIEHTOB U KBAJH(PUKAIMIO SHEPTETHKOB.

2. OnpeneneHa U CTaTUCTUYECKH TOATBEPXKICHA

3¢ PEeKTUBHOCTH MIPOBEACHUS MPAaKTUIECKOM
HOATOTOBKU c MIPUMEHEHHEM BUPTYaJIbHBIX
11a00paTOPHBIX KOMILIIEKCOB. Hoxazana
3¢ PEeKTUBHOCTH BHEJIPEHUS KOMITBIOTEPHBIX
TPEHaXKEPOB-UMUTATOPOB npu MIPOBECHUH
MPAaKTHYECKOH  IMOATOTOBKM  CIEHHUAIMCTOB  TI0

YCBOCHUIO YUEOHO-TIPAKTHIECKOH HH(OPMAITHH.

3. YcraHOBIIEHO, YTO NPUMEHEHNE BUPTYaAIbHBIX
7a0OpaTOPHBIX ~ KOMIUIEKCOB MOBBIIAET KadecTBO
ycBOeHUsI ”HPOpMaKu He MeHee, yeM Ha 13%.
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